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Abstract 
GaN and related materials keep drawing attention because of their successful 
application in light emitter diodes (LEDs) and laser diodes (LDs) and their high 
potential application in high power and high temperature electric devices. Lots of 
efforts have been devoted to dry etching of GaN due to ongoing device size 
minimization and chemical inertness of the material. The first goal of this research is 
to develop a procedure for fabricating GaN patterns in the nanometer scale. To 
achieve this goal, the dose of electron beam lithography and plasma parameters have 
been varied. The effort has concentrated on obtaining the fine patterns with steep 
sidewall and smooth etched surface for the device applications. Scanning electron 
microscopy has been used to inspect the pattern profile and atomic force microscopy 
has been employed to monitor the surface roughness. Nano-wires and dots have been 
fabricated in gallium nitride using electron beam lithography and reactive ion etching 
(RIE). The developed nanofabrication procedure has been successfully implemented 
in nano-dots fabrication in Si/SixNy superlattice. 
High density plasma (HDP) has been recommended for etching GaN, because 
of high reactive species and ion density, predominately controllable ion energy and 
easier scale-up for production (inductively coupled plasma (ICP)). Thus, study ICP 
for etching GaN has become the second goal. A Langmuir probe has been used to 
quantify the amount of ion bombardment during plasma etching by measuring the 
ion flux, while optical emission spectroscopy has been employed to monitor atomic F 
radicaL ICP etching of GaN is highly ion induced. The etch condition has been 
optimised, resulting in an almost vertical pattern profile and a etch rate of 67nm/min. 
This is about 5 times more of that obtained in RIE by using the same gas 
composition (SF6+N2). To achieve higher etch rate, ICP chlorine plasma etching of 
ii 
GaN has been investigated. The fastest etch rate of 314nm/min has been obtained 
with good vertical nature of pattern profile. 
However dry etch induced damage may affect material properties and 
deteriorate device quality. Thus, the study of dry etch-induced damage effects at the 
microscopic scale and optimisation of the etch conditions to obtain fast etch rate, 
smooth surface morphology, anisotropic profile and minimal etch damage is the final 
goal of this project. We achieved this goal by correlating the plasma characteristics 
to etch behaviour, diodes properties to photoluminescence (PL) properties for 
studying the top surface damage, and quantum device conductivity for the sidewall 
damage. 
Our data show that SF6 + N2 ICP plasma with high ion energy improves 
diodes properties with reasonable etch rate, almost vertical profile and smooth 
surface morphology. However, it reduces PL D0X intensity dramatically. While, 
25%Ch + 75%Ar ICP plasma produces a fast etch rate and does not reduce the PL 
intensity significantly. However, it deteriorates the diodes properties. These results 
suggest that a SF6 + N2 (1:1) plasma with high ion energy should be appropriate for 
GaN transistor gate recessing, subjecting to mobility investigation. A 75% Ar + 25% 
Ch plasma is suitable for the fabrication of optical devices, such as light emitting 
diodes and laser diodes. The preliminary result of quantum wire devices shows that 
sidewall depletion in quantum wire structures is about 65 nm at the given SF6 + N2 
plasma conditions. This gives an indication that length scale of the depth of defects 
introduced by etching is about 52 nm in our GaN. However, the defects may 
propagate deeper. 
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Chapter 1 
Introduction 
1.1 Applications and potential of GaN material 
GaN and related compound semiconductor materials have been very popular in the 
last decades [1-3], because of their successful applications in light emitting diodes 
(LED) and short wavelength laser diodes (LD), and other optoelectronic devices. The 
need for blue LEDs has been acute for a long time for full color displays. Red LEDs 
with efficiencies greater than 10% have been commercially available for some years, 
but efficiencies of green and blue diodes fell a long way short, seriously restricting 
the possibilities for LED full color display panels. The attempt to achieve high 
efficiencies from blue LEDs using IV-VI compound semiconductor has been 
partially successful. However, the problem of operating lifetime needs to be solved, 
this leaves the field open to III-V alternatives. Blue InGaN LEDs with efficiencies 
around 5 to 10% developed by Nichia Chemical Company in Japan in 1994/1995 led 
to the development of large outdoor full colour displays and opens up other display 
possibilities, such as traffic lights and white light sources. Solid state white light 
emitting devices would be more durable with less power consumption than 
conventional incandescent bulbs or fluorescent lamps [ 4]. Even more promising is a 
recent report on a high brightness GaN based blue LED that shows the quantum 
efficiency approaching 38% [5]. 
Semiconductor LDs have a wide range of application, from optical 
communication systems to compact disk (CD) players. The shorter wavelength 
means that the light can be focused more sharply, which would increase the storage 
capacity of optical disks. Digital versatile disks (DVDs), which entered production in 
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1996, rely on red wavelength aluminum indium gallium phosphide (AllnGaP) 
semiconductor lasers and have a data capacity of about 4. 7 gigabytes, compared with 
0.65 gigabytes for CDs, which use infrared aluminum gallium arsenide (AlGaAs) 
laser diodes. By moving to violet wavelengths using InGaN-based compound 
semiconductors, the capacity can be increased to more than 15 gigabytes. Thus, these 
semiconductors are indispensable for next generation DVDs. The ultra-violet InGaN 
may also improve the performance of laser printers and undersea optical 
communication. 
The applications of GaN and related material for light emitting devices lie in 
full colour displays, optical data storage, white-light sources and communications, 
while their applications in electronic devices are suitable for high power and high 
temperature. Such electronic devices, for example, heterostructure field effect 
transistors (FETs ), heterojunction bipolar transistors (HBTs ), metal oxide 
semiconductor field effect transistors (MOSFETs) and diode rectifiers, have all been 
realized in the AlGainN system, with very promising performance at high 
temperature (beyond 300°C) and high voltage [6]. 
Furthermore, a very recent report on GaN has demonstrated the potential of 
this material for micro-electronic-mechanical systems (MEMS), such as cantilever 
structure [7]. This is because GaN and its related material have good mechanical, 
high piezoelectric, optically transparent properties, and the possibility of integration 
ofMEMS with optical and electronic devices. 
In many of these applications, the ability to transfer high resolution patterns 
in GaN is a critical step towards the fabrication of a real device. At the time when 
this project started, there were not many papers about GaN and related material 
device fabrication. Thus, nanostructural pattern fabrication has become one of the 
aspects of this work. 
The growing interests in GaN and related materials for all of the above 
mentioned applications are based on the nitride unique electronic properties such as 
direct and wide band gap (3.50 eV), good thermal conductivity (1.3 W/cm. K), 
chemical stability and physical hardness [8]. In addition, possible technological 
advantages, such as easier doping of n-type GaN, easier cleaving (for laser facets) 
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and easier contacting and high electron mobilities (4000 cm2 /Vs). The following 
sections will discuss some basic properties of GaN and related issues. 
1.2 Properties of GaN and related issues 
1.2.1 Crystal structure 
The principle concern of this work is the electrical and optical properties of GaN and 
its alloys, however these can never be fully understood without referring to the 
structural properties. Therefore, a brief description of structural aspects, which have 
relevance to the optoelectronic and electrical application are presented here. 
The most important structures for nitrides are the wurtize and zinc blende. 
GaN usually crystallizes in the hexagonal wurtzite (WZ) structure, as shown in figure 
1.1 [9]. In the WZ structure of GaN, like in diamond, each atom has a tetrahedral 
coordination of the nearest neighbors. The GaN WZ structure has two formular units 
per unit cell (4 atoms per cell) and a molecular weight of 83.728 g/mol. Strains and 
defects could distort the crystal structure and therefore, change the lattice constants 
from their intrinsic value. This is believed to be the reason for a wide dispersion in 
reported values [10]. For WZ-GaN at room temperature, the following lattice 
parameters are generally accepted [11]. 
ao= 3.1892±o.ooo9A 
co= 5.1850±0.0005A 
Crystal parameters of zinc blende polytype [12] and rocksalt structure [13, 
14] of GaN also have been reported. 
Structural aspect of real GaN films, such as dislocation density is of interest 
for the understanding of the electrical and optical properties. Transmission electron 
microscopy (TEM) [15] studies found high dislocation densities in even good quality 
GaN films and bulk crystals. In contrast to other materials systems [16-18], GaN 
based devices are highly efficient and show little degradation in spite of an extremely 
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Figure 1. 1 The hexagonal wurtzite structure of GaN. Like in diamond, each atom 
has tetrahedral coordination of the nearest neighbours. 
high (108-1011cm-2) dislocation density [19]. This fact is surprising and anomalous in 
view of experience with other materials of light emitting devices. 
The reason why the existence of the extremely high density of dislocation 
does not affect the optical properties and lifetime remains unknown. 
1.2.2 Band gap 
It was found that gallium nitride is a semiconductor material having a direct band 
gap in both wurtzite and zinc blende structure, see figure 1.2 [20]. The figure shows 
the calculated band structure near the 1 point of WZ GaN. At k = 0, the top of 
valence band is split by crystal field and spin orbit coupling into the A (19), B (17) 
and C (17) states. The conduction band is shifted upwards. The exciton binding 
energies are denoted as E ~, E! , and E ~ for all the A, B and C excitons [21-23], 
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Figure 1. 2 Calculated band structure near the r point of WZ GaN. At k = 0, the top 
of valence band is split by crystal field and spin orbit coupling into the A (r9), B (r7) 
and C (r7) states. The conduction band is shifted up wards. The exciton binding 
energies are denoted as E ~ , E! and E ~ for all the A, B and C excitons, respectively. 
respectively. The most important reason for the wide spread use of GaN and related 
materials is direct and wide band gap (~3.5 eV), which produces a higher efficiency 
during energy transfer or emission. A related nitride compound AIN has an even 
wider band gap, however AlN is predicted to be an indirect band gap semiconductor 
material. 
Several groups have calculated the band structure of GaN and results have 
been reviewed [24-25]. The measurement of band structure parameter is complicated 
by the existence of residual strain in most available GaN samples. This is because the 
majority of epitaxial films have been grown on non-lattice matched substrates, which 
not only possess different lattice parameters, but also different thermal expansion 
coefficients. The energies of A, B and C excitons are quite sensitive to the 
heteroepitaxial strain in the thin layers [26]. The band gap has been measured on 
many occasions. Temperature dependence of band gap has been reported. It is found 
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that Eg c33oK) = 3.39 eV and Eg (L6k) = 3.50 eV for WZ structure. The early data of 
Monemar [22, 27, 28] has been recommended to be the most reliable. The strain in 
the GaN film will affect the exciton energies [29], and broaden the exciton lines [30]. 
Obviously, strain affects the wavelength of the emitted light. Annealing can 
release the thermal strain in total, or partly by a slow cool-down cycle. So far, there 
is no report about this aspect and not much research on strain effects on optical and 
electrical properties. It is interesting indeed that annealing as-grown material exhibits 
excellent Schottky characteristics and shifts up the near band gap emission of GaN 
grown on SiC [31]. 
More dislocations have been found on GaN grown on sapphire rather than on 
SiC substrate [32, 33]. 
1.2.3 Substrate issue 
The electrical and optical properties of GaN have many advantages over other 
semiconductors, as mentioned before. However, to develop a high performance GaN 
device, first of all, it is important to obtain high quality material and to control the 
doping level. A key limiting issue for the growth of high quality GaN has been the 
lack of an ideal substrate with minimal lattice mismatch. 
In most work, thin film GaN has been grown on sapphire or SiC substrates. 
For sapphire ao = 4.758 A, c0 = 12.991 A and for 6H-SiC ao = 3.08 A, c0 = 15.12 A. 
Commonly WZ GaN films grown on basal plane sapphire grow with their c-axes 
parallel to the sapphire c-axis but rotated in-plane so that [2110] oaN II [1100] sapphire 
and [1100] oaN II [1210] sapphire. In this configuration, the mismatch turns out to be 
16%, much less than the 49% discrepancy in ao, although still very large in epitaxy 
terms [34]. Apart from this, applications with sapphire are limited by its lack of 
electrical conductivity and high cost. 
As an alternative, SiC has been used as a substrate to grow GaN on. An 
attractive point of silicon carbide is the possibility to combine power devices on 
silicon carbide and optoelectronic compounds in the GaN based layers. Furthermore, 
the lattice mismatch on SiC substrate is less and causes tensile strain. The defect 
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density can be brought below a value of 109 cm-2, which is better by one order of 
magnitude in comparison to layers grown on sapphire substrates [35]. However, SiC 
substrate is expensive. Besides, surface cleaning has been a problem until the recent 
use of hydrogen plasma for surface deoxidization. 
In addition, Si, ZnO and LiAl02 have been investigated to be a possible 
substrate [36-39]. However, these substrates are still in experimental testing stage. To 
relax strain in GaN, a porous GaN sublayer has been tried, as well as AlN buffer 
layer [40]. 
Until today, the main substrates for GaN growth are sapphire and SiC. Lots 
of research work have been done on GaN grown on sapphire due to the fact that this 
material has been used as substrate first. There are not many studies of GaN grown 
on SiC yet. 
1.2.4 Growth technologies 
The melting point of GaN is approximately 2000 °C. Thus, the growth of GaN 
crystals from a melt is difficult. Hence, for the growth of GaN, an equilibrium 
mixture of nitride and Ga-containing gas has been used, instead of normal growing 
process using the halide vapor phase epitaxy method (HVPE). New growth methods 
such as molecular beam epitaxy (MBE) and metal organic chemical vapor phase 
epitaxy (MOVPE) have recently resulted in rapid improvements in the methodology 
of GaN crystal growth. Prior to the growth of the GaN film, a thin AIN buffer layer 
has been deposited, yielding GaN films with carrier concentrations of 2 - 5 x 1017 
cm-3 and hall mobility in the range of350- 430 cm2/(Vs). However, without the AIN 
buffer layer, the carrier concentration is around 2 x 1019cm-3 and the hall mobility is 
only around 50 cm2/(Vs) in MOVPE growth without any intentional doping. These 
values have to be improved in order to form a high quality film for the fabrication of 
optical and electrical devices [ 41]. The development of a growth procedure, 
including the buffer layers grown at low temperature to gain high quality GaN on 
sapphire substrates, has been very successful. The highest electron mobility reported 
is 900 cm2/(Vs) at 300 K and 4000 cm2/(Vs) at 77 K [42]. 
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P-doped GaN is one of the issues in GaN applications. Demonstration of p-
type GaN using low energy electron beam irradiation solves the problem by using 
thermal annealing and two gases for growth. 
Nowadays GaN films have good morphology, low carrier concentration and 
high mobility, and are ready for application. Free standing bulk GaN is under 
development by lucent technology. These progresses in developments have kept GaN 
to be popular for last decades and speeded up the commercialization. This has 
ensured this project to start. 
1.2.5 Chemical property 
GaN has a bonding energy of 8.92 eV/atom, which explains the somewhat inert 
chemical nature. This property is beneficial for device durability and high 
temperature applications. 
In addition, because of the high bonding energy, there are limited wet 
chemical etching recipes forGaN [43]. Therefore, a significant amount of effort has 
been devoted to develop dry etch processes of GaN. 
However there is no systematic study on dry etching of GaN and its 
mechanism when this project started. Therefore, it is necessary to study the dry 
etching mechanism of GaN and to optimize the etch conditions for device 
fabrication. However, exposure of GaN to a reactive gas discharge can also be 
deteriorative to device perforamnce. 
The following section will describe the general introduction of dry etching 
and etch induced damage. 
1.3 Dry etching and etch induced damage 
1.3 .1 General introduction 
Dry etching has become increasingly important in electronic device manufacturing. 
As design rules, decrease feature size to sub-micron dimensions (0.13 1-1m) and 
junction depths are limited to hundreds of Angstroms, the anisotropic nature of dry 
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etching becomes critical. However, the dry etching process introduces defects into 
substrate surfaces. For example, during ion-enhanced dry etching, point defects and 
defect clusters are introduced into the substrate, which may affect the device 
characteristics [ 44]. Dry etching induced damage may have serious effects on 
electrical characteristics [ 45-4 7] and optical properties [ 48-51]. Thus, studying the 
etch induced damage, understanding the implications for the optical and electrical 
properties of the resulting devices, and hence optimizing the process parameters 
emerges as an important area of research. 
1.3.2 RIE etching GaN and its damage 
Dry etch techniques such as reactive ion etching (RIB) have found wide applicability 
in the fabrication of optoelectronic devices [52]. RIB utilizes the chemical and 
physical components of an etch mechanism to achieve an anisotropic profile, 
combined with a fast etch rate and a good dimensional control. RIE plasma is 
typically generated by applying radio frequency (rf) power e. g. at 13.56 MHz 
between two parallel electrodes in a reactive gas. The substrate is placed on the 
powered electrode where a potential is induced with respect to the plasma. Ion 
energies, defined as ions cross the plasma sheath, are typically a few hundred eV. 
RIE is operating at pressures, ranging from a few mTorr up to 200 mTorr, which 
promotes anisotropic etching due to few collisional scattering of ions during 
acceleration in the plasma sheath. 
There are a large number of papers reporting on GaN etching, using different 
etch gases [53-55]. Cl-based chemicals, such as BCb/Ar, CC1zF2/Ar, Clz/CH4/Ar or 
CF3Br/Ar are commonly used [56]. The fluorine based plasmas sometimes suffer 
from polymerisation of fluorocarbons, which deposit on the sample leading to a 
grassy surface morphology due to micromask effects [57]. 
Adesida et al [58] reported the RIB etching of GaN in SiC14 based plasma. It 
is found that the etch rate increased with de bias, and reached 500 A/min at a 400 V 
de bias. Fricke et al [59] used Clz/N2 based reactive ion etching to etch GaN and 
found that the high etch rates and almost vertical profile can be obtained at low N2 
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content. Other RIE results have been reported using HBr, CHF 3 and CCbF 2 based 
plasmas. 
The fastest etch rate has been obtained in a chlorine-based plasma under high 
ion energy conditions. At these conditions the Ga-N bond breaks and the sputter 
desorption of etch products from the surface are most efficient. Under these 
conditions, plasma damage can occur and degrade both electrical and optical device 
performance [ 60] compared to unetched material. This change on electrical and 
optical properties is described as dry etch induced damage. Lowering of the ion 
energy or increasing the chemical activity in the plasma to minimize the damage, 
often results in slower etch rates or less anisotropic profiles, which significantly limit 
the critical dimensions. 
Thus, etch induced damage attracts attention. There are some papers on etch 
induced damage, where top surface damage was evaluated by the electrical 
characterization of diodes [61-62] and surface analysis [63-64]. General finding 
indicates that dry etching degrades the device performance. When defects are 
generated, the diodes become more leaky with a decrease in barrier height, 
breakdown voltage, and intercept voltage while ideality factor increases. 
Most dry etching process incorporate both a chemical and a physical 
component: the chemical component generally provides rapid etch rates and material 
selectivity, while the physical component, such as ion bombardment, provides 
controlled directionality and can itself enhance the chemical etch rate. RIE is the 
commonly used dry etching technique. However, sensitive, separate control of 
chemical and physical components, which are important in etching GaN for its 
chemical inertness properties, is difficult to achieve in RIE. But it is possible in other 
dry etching techniques, such as high density plasma (HDP), chemically assisted ion 
beam etching (CAIBE) and radical beam/ion beam etching (RBIBE). 
Many different types of dry etching methods have been used to etch GaN. 
Ping et al. used ion beam etching of GaN [ 65]. High etch rates have been achieved 
using electron cyclotron resonance etching (ECR), magnetron reactive ion etching 
(MIE) and inductively coupled plasma etching (ICP) [ 66-68]. HDP has been 
recommended for etching GaN because of high reactive species content and 
predominately controllable ion energy. 
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1.3.3 ICP etching GaN and its damage 
Among HDP, ICP has been most commonly used because of easier scaling up and 
adjustable chuck position. The ICP plasma is formed in a dielectric vessel encircled 
by an inductive coil into which rf power is applied. The alternating electric field 
between the coils induces a strong alternating magnetic field, trapping electrons in 
the center of the chamber and generating a high density plasma. Since ion energy and 
plasma density can be effectively decoupled, uniform ion density and energy 
distributions are transferred to the sample while keeping ion and electron energy low. 
Thus, ICP etching can result in low damage while maintaining fast etch rates. 
Fast etch rate of GaN in ICP chlorine based plasma has been reported [69]. 
Lee et al [70] investigated magnetized ICP etching of GaN in Clz/BCh Khan et al 
[71] used ICP-RIE to etch GaN and optimized etch condition for fast etch rate. Smith 
et al [ 66] reported fast etch rate of 980nm/min. The fastest etch rate published is 
l.3J.!rnlmin from M. E. Ryan et al [43] using surface technology System (STS) ICP 
system. 
The ICP plasma is well known for its low electron energy, high density, and 
ease of scaling to large diameter wafer processing. Unfortunately, these plasma 
sources still induce a certain amount of damage [72]. Recently there has been 
increasing concern regarding the intrinsic damage associated with many dry etch 
techniques. Such issues become especially important for small dimension structures. 
Generic process-induced damage includes degradation of integrity of dielectric layers 
[73], structure damage, contamination [74] and other kinds. Pearton et al [6] reported 
HDP etching of GaN resulted in improved etch characteristics compared to RIB. This 
is attributed to plasma densities, which are 2 to 4 orders of magnitude higher than 
RIB. Eddy Jr [54] reported that chlorine based plasma discharges minimize the 
stoichiometry problem by improving the rate of gallium removal from the surface. 
This mechanism provides an excellent surface for ohmic contacts on n-type GaN, but 
presents a major obstacle for Schottky contacts or ohmic contacts on p-type GaN. 
Cao et al [75] reported dry etch induced damage in etching GaN and the recovery by 
annealing in N2 atmosphere. Lee et al [63] reported dry etch induced damage inn-
type GaN and its recovery by treatment in an N2 plasma. Khan et al [71] found low 
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damage m ICP-RIE plasma etching of GaN regarding to mobility, carrier 
concentration, breakdown voltage, and forward tum on voltage. 
However, there are no systemic studies on the dry etch behavior of RIE and 
ICP SF6 + N2 plasma, and the comparison of ICP fluorine plasma and chlorine 
plasma etching of GaN and their effects. It would be of great interest to understand 
the etch mechanisms, and optimize the etch conditions to obtain high etch rate, 
vertical etch profile, smooth surface, high mask selectivity and minimal etch induced 
damage forGaN and its related material-device fabrication. 
1.4 Dry etch induced damage assessment 
Although the consequences of etch-induced damage on device performance may be 
all too apparent, one must nevertheless carefully choose the appropriate set of 
analytical tools in characterizing damage. Analytical techniques that are sensitive to 
modifications of the substrate surface may not reveal information about structural 
damage to etched material. 
A variety of techniques have been used to evaluate dry etch damage. For 
surface effects, one can use surface science methods, such as XPS [76], auger 
spectroscopy and low angle X-ray scattering; electrical methods, which are based on 
the characteristics of semiconductor-metal junctions and optical methods, such as 
photoluminescence [77] and Raman spectroscopy. The comparison of a Schottky 
junction formed on the etched and unetched surfaces of a III-V semiconductor gives 
a great deal of useful information [78], such as ideality factor, the reverse breakdown 
voltage, barrier height, forward tum-on voltage and reverse leakage current [79]. 
Photoluminescence (PL) intensity, which is helpful information as a 
measurement of one of the optical properties, can be measured in III-V materials. 
The variation in photoluminescence intensity due to etch induced damage could be 
correlated to etch conditions. 
Sidewall damage can be measured by creating a Schottky contact on the 
sidewall [80], but this is not an easy technique. Another method is to measure the 
electrical conductance of the wire as a function wire width. The wire would be 
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expected to show zero conduction when the width of the wire is just equal to twice 
the sidewall depletion depth [79]. 
It would be very useful for industrial application if one can set up effective 
characterization of the electrical and optical properties to monitor the etch induced 
damage during device fabrication. For the time being, there are not many reports on 
etch induced damage characterization on GaN and no research on sidewall damage of 
GaN to determine the limitations of narrow wire on device fabrication. Thus, we 
started the "Nanofabrication and its effect on electrical and optical properties of 
GaN" research from early 1999. 
1.5 GaN devices 
1.5.1 Ohmic contact on GaN 
To evaluate the electrical properties, ohmic and Schottky contacts are essential. Thus, 
before measuring the damage, it is necessary to develop suitable ohmic and Schottky 
contacts. 
Semiconductor devices and specimens used for the measurement of 
semiconductor parameters require ohmic contacts to which connections can be made. 
The important feature of such contacts is that voltage drop across them must be 
negligible, compared with the voltage drop across the device or specimen, so that the 
contacts do not affect the I/V characteristic. In principle, ohmic contacts can be made 
by using a metal with a work function less than the work function of an n-type 
semiconductor or greater than the work function of a p-type semiconductor. 
However, there are very few metal-semiconductor combinations, which satisfy this 
condition. The vast majority of ohmic contacts involve a thin layer of very heavily 
doped semiconductor immediately adjacent to the metal, so that the depletion layer is 
so thin that the carriers can readily tunnel through it [81]. 
During the last few years' significant progress has been made in the growth 
and characterisation of GaN and its alloys with AlN and InN. This progress led to the 
realization of several electronic and optoelectronic devices including metal-
semiconductor field-effect transistors (MESFETs), modulation doped field-effect 
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transistors (MODFETs), metal-insulator field-effect transistors (MISFETs), and 
light-emitting diodes (LEDs). Lower resistance ohmic contacts are imperative in the 
successful implementation of all these devices, particularly high power devices, 
which require high power conversion efficiency and heat management. Owing to the 
very wide band gaps of nitrides, these ohmic contacts must be quite different from 
those of GaAs, InP and Si. 
Thus, ohmic contact technology remains an important part of the progress of 
wide-band gap semiconductors. Further improvements are still necessary in order to 
enhance the performance of current GaN based materials in blue and UV 
optoelectronics, such as LEDs and LD, as well as for device application in high-
temperatures and high-power microwave electronics. According to the Schottky-
Matt mode, it is especially difficult for p-type doped wide- band gap semiconductors, 
such as ZnSe or GaN to find suitable metallisation which leads to low specific 
contact resistance in order to withstand high current flows and high temperature. 
During the past years, many attempts have been made to obtain low 
resistance ohmic contacts to GaN [82-83]. Ruvimor et al [84] tried Ti/Al and 
Ti/Al/Ni/Au ohmic contact, Lester et al [85] tried non-alloyed Ti/Al ohmic contact. 
Z. Fan et al [86] made ohmic contact on GaN by depositing Multiple layers 
Ti/ Al/Ni/ Au on n - type GaN with a reactive ion etching process and obtained very 
low resistivity of p = 8.9 x 10-8 Q cm2. The development of ohmic contact formation 
using Al and TiAl contact to n-GaN and the analysis in terms of interfacial layer AlN 
in Ti/Al and Pd/Al ton- GaN were made by Luther et al [87]. 
For industrial applications, it is desirable to have a simple process giving 
reliable reproducible low resistance ohmic contacts for minimum cost. 
1.5 .2 Schottky contact on GaN 
The Schottky [88] model of metal-semiconductor barrier is shown in figure 1.3. The 
assumption here is intimate contact between the metal and semiconductor with no 
interfacial layer. The barrier height after contact is formed is given by 
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where <I>M the metal work function, x is the electron affinity of the 
semiconductor, defined as the potential difference between the bottom of conduction 
band and the vacuum level at the semiconductor surface. ~s is the work function of 
the semiconductor. In the theoretical analysis, we assume that the barrier height 
depends only on the metal work function to a particular semiconductor. 
To get good Schottky contacts, one should use metals having large work 
functions. In practice, even with the same metal, different techniques can result in 
different diode properties. Auret et al [89] found Au Schottky contact exhibited 
excellent rectification properties when using resistive evaporation. In contrast, 
sputter deposited Au contacts had poor characteristics. 
-
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Figure 1. 3 Upper, lower parts are metal and semiconductor system before and after 
contact, respectively. Lower part shows Schottky barrier energy band diagram. 
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In practice, the actual barrier height ~b is always less than ideal barrier height 
~o due to image force barrier lowering and other factors. The built-in potential is Vi, 
and V0 is the potential of the semiconductor Fermi level with respect to the 
conduction band. Bardeen was the first to point out the importance of surface states 
in determining the barrier height [90]. Such surface states may be dangling bonds at 
surface or some other types of defects [91-92]. 
Dry etching can be used to make good ohmic contacts because many defects 
serve as recombination centres. However, dry etching will deteriorate Schottky 
barrier height by changing the surface states and the introduction of other type of 
defects. A. P. Zhang et al [93] reported an Ar/Clz discharge deteriorated diodes 
properties by reducing reverse breakdown voltage and Schottky barrier height. 
Mistele et al [94] pointed out that using N2 as etching gas could obtain rectifying 
characteristics (Schottky) of metal-n-type GaN, while conventional etching gas 
produced linear (ohmic) behaviour such as Ar or Ar + Clz. 
Therefore, diodes fabricated on dry etched GaN are good monitor for plasma-
induced surface damage as manifested by Schottky barrier height and ideality factor 
extract from the I-V behaviour. 
1.6 Outline of this thesis 
In chapter two, main experimental techniques, which have been used in this work, 
will be described and discussed. All the results will be presented and discussed in the 
sequence of category. 
Chapter three describes the GaN etch behaviour of RIE and nanofabrication 
into GaN by using RIE and electron beam lithography, and the successful 
implementation of the developed nanofabrication procedure in Si/SixNy. The EBL (at 
Canterbury University) dose optimisation will be presented. The effects of the N2 
percentage in the etching gas mixture of the etch rate, vertical nature of profile and 
surface roughness has been examined and discussed. 
In Chapter 4, results of successful fabrication of ohmic contacts without 
annealing, Schottky contacts, and further characterization of the RIE etch-induced 
damage effects on diode properties will be presented. Different power densities of Ar 
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plasma pre-exposure effects on ohmic contact properties of GaN grown on SiC have 
been investigated. Different metals have been investigated for making good Schottky 
contacts. The effects on electrical properties of the diode by changing the nitrogen 
percentage in the RIB fluorine plasma have been investigated. Effect on electrical 
diode properties of annealing as grown material will be presented. 
Chapter five describes the RIB etch induced damage effects on optical 
properties, such as photoluminescence and photoconductivity. Surface composition 
analysis by XPS will be correlated to the observed results. To optimise the etch 
condition with minimal damage on optical and electrical properties, different gas 
mixture in etching of GaN grown on SiC has been investigated. The result of 
annealing effect on photoluminescence spectra will be presented and discussed. 
Chapter six outlines a fundamental study of the etch mechanism of GaN 
usmg an inductively coupled plasma (ICP) with Fluorine and Chlorine gases 
respectively. A basic starting point has been set according to preliminary results. 
Then the de bias, temperature, ICP source power and pressure around the starting 
point have been varied. The etching conditions for fast etch rate and vertical profile 
in both fluorine plasma and chlorine plasma have been optimised. The etch 
mechanisms of fluorine RIE plasma and ICP plasma etching GaN have been 
compared and discussed. 
In chapters seven and eight, ICP etch induced damage effects on electrical 
diodes properties and photoluminescence characteristics using fluorine plasma and 
chlorine plasmas will be presented. The etch mechanism will be correlated to etch 
induced damage effects on both electrical and optical properties. The comparison of 
RIE and ICP fluorine plasma effects will be discussed. The ICP fluorine plasma etch 
induced damage on electrical and optical properties will be compared with that of 
ICP chlorine plasma. 
Chapter nine describes the quantum wire (QWr) device principle, device 
design, fabrication, and the characterization of the sidewall damage. The problems 
we had during device design and fabrication, and the steps we took to solve these 
problems will be presented. 
Chapter ten gives a coherent overview the work. Conclusions are made and 
suggestions for additional research are given. 
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Chapter 2 
Experimental Techniques 
2.1 Dry etch technologies 
2.1.1 General introduction 
Dry etching covers a family of methods, by which a solid state surface is etched in 
the gas phase, physically by ion bombardment, chemically by a chemical reaction 
with reactive species at the surface, or combined physical and chemical mechanism. 
Most dry etch systems find their common base in plasma or gas discharges, 
the area of high energy electrical and magnetic fields that will effectively dissociate 
any gases present to form energetic ions, photons, electrons, and high reactive 
radicals and molecules [95]. A common definition of the plasma state has been 
postulated by Chen [96]. 
A plasma is a quasi-neutral gas of charged and neutral particles, which 
exhibits collective behavior . 
The plasma etching is predominately caused by or assisted by ions from the 
discharge. The ions bombard the substrate at normal incidence, which causes 
directional or anisotropic etching. This anisotropy is a demand to overcome the 
problem of under-etching and to make it possible to produce patterns with (sub)-
micron dimensions. 
Another demand in plasma etching is a high selectivity between etch rates of 
different materials to avoid unwanted etching (etch mask). This selectivity can be 
achieved by applying chemical processes in the etch mechanism. Therefore, different 
concentrations of gas mixture are used in discharges. Then the surfaces of the 
substrates are exposed simultaneously to energetic ions and to chemically active 
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molecules and radicals. By adjusting the gas mixture, one expects to get fast etch 
rates, anisotropic profiles, smooth surfaces and high selectivities. 
In the plasma, only about 1 : 104 molecules or atoms are ionized. Thus, it is 
clear that the flux of ions, which bombard a substrate, is small in comparison with 
the flux of neutrals. It has been suggested that the dominant etching mechanism is 
caused by synergistic effects of the exposure to neutrals and energetic ions [97]. 
Dry etching has become the dominant patterning technique for GaN and its 
related materials, such as InGaN and AlGaN, due to the chemical inertness of the 
material and high resolution demands for the minimization of device size. 
There are many types of plasmas sources such as those based on discharges 
created by direct current (de), capacitively coupled radio frequency (rf) (RIE), 
inductively coupled rf (ICP) and microwaves (ECR) [98]. This chapter describes the 
conventional RIE etching system and high density plasma ICP techniques used for 
etching GaN in this project. Plasma diagnostics, like Langmuir probe and optical 
emission spectroscopy will be presented for unraveling the etching mechanism. 
2.1.2 Reactive ion etching (RIE) 
Figure 2.1(a) is a schematic drawing of a RIE reactor. RIE is a conventional etch 
system. It consists of a high-vacuum chamber, in which two parallel electrodes are 
normally horizontally positioned. The chamber wall and the top electrode (anode) are 
electrically grounded. The lower electrode (cathode) and substrate holder is 
connected via a de-blocking capacitor and matching network to an rf generator 
(mostly 13.56 MHz). 
The gases are supplied :from the top of the reactor. The rf discharge 
introduces, apart :from the parent gas, a multitude of neutral and positively or 
negatively charged, excited and fragmented molecules [99]. These species are 
generated mostly by the collision processes between electrons and the neutral gas 
molecules. The electrons have a dominant role, as they are the hottest particles in the 
cold plasma. 
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Figure 2.1 Schematic drawing of a) reactive ion etching. RIB consists of a high-
vacuum chamber, in which two parallel electrodes are normally horizontally 
positioned. The chamber wall and the top electrode (anode) are electrically grounded. 
The lower electrode (cathode) and substrate holder is connected via a de-blocking 
capacitor and matching network to an rf generator (mostly 13.56 MHz). b) de bias 
distribution in chamber. Most of de bias drops over the plasma sheath. 
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The movement of electrons in gases is a situation quite different from that of 
ions. The mobility of the electrons in an electric field is much higher than that of ions 
because of the smaller mass. In an electrical field, a charge experience of a force (F), 
which is given by: 
F=qE 2.1 
in which: q is the electrical charge, E is the electrical field. If work is done on a 
charge, it gains energy as following, 
1 2 
- mv =qV 
2 
2.2 
where vis the drift velocity. qV is the energy that is gained by moving a distance. In 
the same electrical field, energy will be identical. So, the velocity of an ion to that of 
an electron can be expressed as 
2.3 
where Ve and Vion are the velocities of electron and ion, respectively. me and 
IDion are the masses of electron and ion. Since the mass of ion is very much larger 
than that of an electron. The electron gains a larger velocity. 
As a consequence, any surface in contact with plasma will get negatively 
charged. Thus, a negative potential develops. Consequently, any surface in contact 
with the plasma is subject to ion bombardment. At the powered electrode, the 
potential drop (commonly named de bias) is the highest, and so the ions hit the 
cathode surface [1 00]. 
The de bias resulted from external alternating voltage to a substrate, can be 
accurately predicate by a simple calculation [101]. 
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Where Vp= Ve ln 1ll11: 2.6 
is the floating potential, Vn is the peak applied radio frequency voltage. Ve is the 
electron temperature expressed in volts. Most of de bias drops over the plasma 
sheath. See figure 2.1(b). 
Ions play an important role in dry etching. Although, many processes have to 
be considered simultaneously. The synergetic effect of having fluxes of reactive 
neutrals and ions at the same time is the key factor determining many dry etch 
processes. 
Primary processes occurring in a plasma etch processes are the following; 
l.Partial dissociation of the process gas into radicals and charged particles. 
2.Radicals diffusion to surface. 
3.Adsorportion of radicals or reactive gas at the substrate surface. 
4. Chemical reaction taking place on the surface. 
5. Removal of etch products by desorption and/or sputtering. 
6. The etch products diffusion into to bulk gas. 
Ions may enhance the adsorption, reaction and/or desorption step, as shown in 
figure 2.2. If etch reaction proceeds without ion bombardment (spontaneous etching), 
isotropic etch profiles are obtained. If ion bombardment is the driving force and the 
ions collide on the substrate at normal incidence, the etch profiles are anisotropic 
[1 02]. 
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Figure 2.2 Primary process occurring in plasma etch process. 1) Partial dissociation 
of the process gas into radicals and charged particles. 2) Radicals and reactive 
particles diffusion to surface. 3) Adsorportion of radicals or reactive gas at the 
substrate surface. 4) Chemical reaction taking place on the surface. 5) Removal of 
etch products by desorption and/or sputtering. 6) The etch products diffusion down to 
bulk gas. 
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In RIE, the ion density is about 109 to 1010 per cm3 for an Ar plasma. The 
specified RIE equipment employed in this project is an Oxford Plasma 80 plus in our 
laboratory, which has a maximum rf power of 220 W. 
2.1.3 Inductively coupled plasma (ICP) 
The drawback of RIE system is that the energy of the bombarding ions is coupled to 
the dissipated power, which hampers control of ion bombardment. A way to 
overcome this is changing the frequency of the source power [100], at high 
frequencies, a low voltage is required at the same power. A more conventional 
method is decoupling the source and chuck powers. This results in independent bias 
control. An important advantage of rf discharge over other discharges is that they are 
relatively easy to scale up to larger dimensions [1 00]. 
Another disadvantage of RIE is the relatively low plasma density. Source 
configuration like ECR and ICP shows high plasma densities. However, ECR source 
configuration is much more complex than that of ICP. Thus, people commonly used 
ICP to etch GaN instead ofECR. 
Figure 2.3 is the schematic drawing of an ICP reactor assembled with a 
Langmuir probe and an optical emission spectroscope. The technical differences 
between RIE and ICP are listed in table 2.1. The main difference is that ICP has 
source power separately from chuck power. The ICP plasma can create low energy 
ions, which is expected to cause less damage and at the same time has high ion 
current density. Secondly, the magnetic field of ICP plasma reflects electrons to 
plasma, which collide with gas molecules to generate high density of charged 
radicals and high ion current density, and confines the plasma by keeping it away 
from the chamber wall. All these facts make sure that ICP has a high ion density and 
high reactive species content. 
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Figure 2. 3 Schematic drawing of inductively coupled plasma reactor assembled with 
a Langmuir probe and an optical emission spectroscope. The main advantage is that 
ICP has source power separately from chuck power. 
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Table 2. 1 Main differences between ICP and RIB systems 
Type of Number of Ion density Magnetic field Ion current density 
etcher rfpower 
ICP 2 High Yes High 
RIB 1 Low No Low 
The specific ICP we used for this project is an Alcatel micromachining etch 
tool (MET lab). The basic system consists of a single wafer vacuum load lock system 
connected to a process chamber. This chamber is fitted with a proprietary high 
density, low pressure plasma source and temperature controlled cryo chuck. The 
process module consists of the process chamber, substrate holder, plasma source, 
power suppliers, gas lines and pumping package. We will focus at the process 
module, which is more related to our research work. 
The substrate is introduced into the process module through the single 
substrate load lock chamber by an automatic loading and unloading system. The 
chamber is equipped with a magnetic multipolar confinement system, which reflects 
electrons back into plasma. The mechanical clamping is to improve the thermal 
exchange between the wafer and substrate holder. The helium gas flow at the back of 
the wafer for adequate heat transfer to the cooled chuck. 
The distance of the substrate to the plasma is adjustable by changing the 
chuck position. In the highest chuck position, one can get the highest ion density and 
radical density. In the low position one can get relatively low ion density and high 
radical density because radicals have relatively a longer lifetime than ions. The 
highest position, 13 em from the plasma source, has been used for GaN etching to 
meet the high ion current density demand. More detail about the ICP system can be 
found in reference [103]. 
2.1.4 Plasma diagnostic 
The study of plasma-material interactions has evolved into an important dynamic 
field of research. An understanding of the basic physical and chemical process 
underlying these interactions is vital to the development of optimal process for IC 
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technology, surface modification, satellite of space and other key technologies. 
Diagnostics and characterization techniques are prerequisites for understanding 
plasma and solid surfaces exposed to the plasma [104-105]. Langmuir probe 
measurement and optical emission spectroscopy techniques have been employed in 
this project to quantify ion and radical content in the plasma, respectively. 
2.1.4.1 Langmuir probe measurement (LP) 
A Langmuir probe is an electrically conducting electrode of "negligibly small area" 
inserted into a plasma. The potential of the probe may be variable with respect to the 
plasma. Because of the large difference in electron and ion mobilities, a much larger 
flux of electrons is incident on the probe. The plasma compensates for the loss of 
electrons to the probe by developing a sheath between the plasma and the probe tip. 
The applied voltage across the probe is varied and the resultant current through the 
tip is measured. A current (I) -voltage (V) characteristics is measured and the 
analysis of this characteristics yields the following plasma parameters, plasma 
floating potential, plasma potential, electron temperature, electron density, ion 
density, electron energy distribution function, Debye length and ion current density. 
Measuring the ion current density has been crucial in our experiments to 
determine the ion yield in a given dry etch process. Ion current density is defined as 
the ion flux towards the probe at strong negative bias, divided by tip surface area, 
with corrections made for the sheath. This parameter is determined at default ion 
voltage of -50 Volts. So there are very few electrons attracted to the probe, because 
the electrons are repelled. Only positive ions are collected. 
The specific Langmuir probe we used is the Smart probe set up, which is a 
computerised electronic system for measuring Langmuir probe current-voltage 
characteristics. It contains the following components, smart probe acquisition 
electronics unit, PC and software, and Langmuir probe. Smart probe system is 
operated using the Smart soft program. This program allows the users to acquire and 
automatically analyse Langmuir probe data. For more details about the system are 
given in [106]. 
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2.1.4.2 Optical emission spectroscopy (OES) 
Optimisation of plasma parameters has successfully produced etching and deposition 
recipes for industrial applications. However, with advent of increasingly 
sophisticated diagnostics techniques and computer modelling, it is possible to obtain 
very detailed information on the chemistry and physics of these processing plasma 
and their interaction with surface. Optical probes are particularly well suited for in 
situ plasma diagnostics studies because they are non-intrusive, species-selective, and 
can yield both space- and time- resolved information. The identification of the 
spectrally resolved feature establishes the presence of radicals and ions formed by 
reactions in the discharge. 
The apparatus required for this technique is one of the least complicated. It 
requires a monochromator to disperse the plasma emission, a set of optics to image 
light from the discharge onto the detector, and a photo-detector to measure the 
dispersed fluorescence. Light from the discharge can be imaged onto the 
monochromator entrance slit with UV -grade fused silica lenses and UV -coated 
aluminium mirrors for the best average response between 200 - 900 nm. 
The plasma- induced emission can arise from electron impact excitation, 
* A+e~A+e 
Electron impact dissociaction, 
* AB+e ~A +B+e 
Or an ion impact process 
A+ +e (+M) ~A* (+M) 
where A and B are atoms or molecules, * indicates the excited, emitting species, and 
e (+M) may be neutral species, a negative ion, an electron plus a third body, or a 
surface. 
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Molecular species can also be excited by chemiluminescence recombination 
reactions, 
A+BC ~ AB* +C 
The excited molecules subsequently emit photons. The peak of 751.4 nm for 
Ar and 704.2 nm for F have been used in this study. The photons are detected by the 
photo-detector. This produces the spectrum of the plasma. 
During the plasma etching, not only a qualitative description of the plasma is 
desirable, but also quantitative estimate of concentration of the reactive species. To 
measure the fluorine radical concentration, Ar actinometry has been employed [107]. 
Thus, from an optical emission spectrum, one can calculate species concentration 
with respect to the reference. ill practice, a certain amount of Ar has been induced 
into plasma as actinometer. We assume the intensity of spectroscopy is given as 
following. 
2.7 
I (F) = g (T e, ne) = ~ h (T e ) fie P (F) 2.8 
Where Te is the electron temperature, fie is the electron density. Pis the partial 
pressure. a,~ are constants. Thus, by combining equations 2.7 and 2.8, we can get, 
I(Ar) =(a I~) P(Ar) 
!(F) P(F) 2.9 
A well-defined amount of Ar is added to the overall gas flow, so the 
concentration of Ar ( P(Ar) ) is known. From detected spectra, I (Ar)/I (F) can be 
extracted. Then the particle fluorine pressure P (F) can be calculated. An essential 
condition is that the excitation energies of detected particle and Ar should not differ 
more than several eV and the transition should be the same type. 
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2.2 Pattern definition 
2.2.1 Optical photolithography (OL) 
The most widely used form of lithography is optical lithography. In the integrated 
circuits (IC) technology industry, pattern transfer from masks onto thin films is 
accomplished almost exclusively via photolithography. Photolithography, matured 
rapidly and has become better and better at resolving smaller and smaller features. 
The optical lithography can be divided into contact lithography and projection 
lithography (stepper and scanner). The contact lithography is faster than the stepper, 
because the stepper exposes the substrate for a few square centimetres per exposure. 
Stepper resolution is limited by diffraction, while contact lithography is limited by 
exposure wavelength and mask contamination. In our experiments, contact 
lithography has been employed. 
The stencil used to generate a desired pattern in resist-coated wafers 
repeatedly is called photo-mask. A photo-mask is a nearly optically flat glass 
(transparent to near UV) or quartz plate (transparent to deep UV) with a metal (e. g. a 
800 A thick chromium layer) absorber pattern. It is placed into direct contact with 
photo resist coated wafer surface. The resist is exposed with ultra-violet radiation. 
The absorber pattern on the photo mask is opaque to ultraviolet light, whereas glass 
or quartz is transparent. A light field or dark field image is transferred to the resist. 
When the photo-mask makes direct physical contact (hard contact) to the substrate, 
we call it hard contact photolithography. This kind of approach has been employed in 
this project. It offers the highest lateral resolution. Unfortunately photo masks 
degrade faster through wear than they do in non-contact or soft contact lithography, 
where the masks are slightly raised about 10 to 20 Jlm above the substrate. 
A broadband exposure system has been employed for ohmic and Schottky 
contact pattern definition. The pattern size is 200 Jlm X 200 Jlm, shown in figure 2.4. 
The image has been taken by using optical microscopy with a magnification of 330. 
By using undiluted Shipley photo resist S1813, a perfect uniform pattern definition 
has been obtained. 
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Figure 2. 4 Optical microscopy image of mask pattern with magnification 330. 
2.2.2 Electron beam lithography (EBL) 
With the requirement of decreasing device size, electron beam lithography (EBL) 
[108] and ion beam lithography have been developed to define the patterns in parallel 
with deep UV optical photolithography [109] and X-ray lithography [110]. In this 
project, a scanning electron microscope converted EBL at Canterbury University and 
a commercial electron beam pattern generator at the Delft Institute of Micro-
Electronics and Sub-micron-technology (DIMES) have been employed to write 
nanoscale patterns. The principles in both electron beam exposue tools are the same. 
But the setups have different characteristics, e. g. beam energy, scan field and beam 
size etc .. 
In EBL, a high energy electron beam (primary electron beam) is focused on a 
substrate, which is coated with electron beam sensitive resist material, polymer e. g. 
PMMA. Elastic and inelastic scattering changes the direction of the beam 
(broadening of the beam) and causes energy loss of the primary electrons, thus 
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generating secondary electrons (SE), backscattered electrons (BSE), auger electrons 
(AE), and X-ray quanta (X) . This is illustrated in figure 2.5 [111]. PE stands for 
primary electronic beam. The secondary electrons are responsible for the actual 
exposure. 
In analogy to photo-resist, two types of EBL resists exist, see figure 2.6. The 
principle of positive resist is bond scission on exposed area. The principle of 
negative resist is cross linking on exposed area. Therefore, after development, 
positive resist remains in non-exposed area, while negative resist remains in exposed 
area. Negative resist shows swelling, positive resist shows better contrast and 
resolution. Bilayer positive resist PMMA with 2.5% high molecule weight (950K 
PE 
Figure 2. 5 High energy electronic beam and its effects in EBL. Elastic and inelastic 
scattering changes the direction and broadening of the beam and causes energy loss 
of primary electrons, thus generate secondary electron, backscattered electron, auger 
electrons and X-ray quanta. The secondary electrons are responsible for actual 
exposure. 
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dissolved in xylene) as first layer and 7% low molecule weight (180K dissolved in 
chlorobenzene) as second layer has been employed in quantum wire device 
fabrication. A 4% low molecular weight PMMA dissolved in chlorobenzene and 
2.5% high molecular weight PMMA dissolved in xylene has been used for nanoscale 
wires and dots fabrication in our project. 
The main differences between optical photolithography and EBL process are 
exposure time, mask and resolution. EBL has the longer exposure time because it is a 
sequential process. Optical contact lithography is a parallel process. The mask 
fabrication process is significantly simpler in case of electron beam lithography 
compared to flood exposure-based photon and x-ray lithography. The computer-
stored pattern is directly converted to address the writing electron beam, enabling the 
pattern to be exposed sequentially, point by point, over the whole wafer. 
positive res!st 
e e 
H !l 
after 
development: 
resist 
substrate 
negative resist 
Figure 2. 6 Two types of resist. The principle of positive resist is bond scission on 
exposed area. The principle of negative resist is cross linking on exposed area. 
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fu EBL, the smaller the beam size, the higher the resolution, but the high 
resolution mode takes more time to write the pattern. Exposure dose is defined by 
[112-113]: 
D=It 
A 
2.10 
D is the maximum dose (in coulombs per cm2) delivered by a particular 
beam. I is the maximum current (in rnA) of particular beam. A is the pixel area (in 
em\ t is dwell time per pixel (in second). Nowadays, the best resolution of an 
electron beam lithography is 5 nm, while that of optical photolithography is around 
130nm. 
The advantages of EBL are high resolution, maskless, precise control of the 
energy and dose delivered to resist-coated substrate, ability to register accurately 
over small areas of a wafer, lower defect densities and a large depth of focus. 
The disadvantages of EBL are that flood exposure is limited by chip size field 
due to difficulties in obtaining broad, collimated, charged-particle beams. Electrons 
scatter quickly in solids, limiting practical resolution to dimensions greater than 5 
nm. Electrons need to be held in a vacuum, making the apparatus more complex than 
for photolithography, slower writing speed and high system cost. For more detail 
about the EBL can be found in reference [113]. 
The main EBL system has been used in this project is EBPG5, which has 
Gaussian shaped beam, vector scan writing strategy. Figure 2.7 [111] is schematic 
drawing of field emission gun of EBPG5 configuration and the electron optics. The 
system is under control of an Alpha computer. EBPG5 is the state-of-the-art e-beam 
lithography tool. 
The main differences between a SEM converted EBL machine and an 
EBPG5 are that EBPG5 has higher acceleration voltage, bigger writing field and an 
alignment system. 
The procedure for patterns generating m the EBPG5 are described in 
appendix A. Details of the computer process to operate the beam writing are given in 
reference [ 111]. 
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Figure 2. 7 Schematic drawing of field emission gun of EBPGS configuration and 
electron optics. 
It should be pointed out that the wafer must be pre-aligned. To align a pattern 
with respect to a previous layer, markers are required to measure the translation, 
rotation and keystone deformation of the wafer. The maximum correction of rotation 
is 0.2 °. 
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Precautions against contamination e.g. cracking of organic compounds, and 
external influences e.g. mechanical vibrations, electro-magnetic fields and thermal 
stability must be taken into account. 
2. 3 Inspection techniques 
2.3.1 Profilometry (alpha-step) 
The Alpha-step 500 surface profiler made by Tencer instruments has been used for 
etch depth measurements (from a few nanometres to a few micron). It measures the 
step-heights by scanning a surface with a stylus. The stylus is a part of a capacitor. A 
change in capacitance value is correlated to the change in step-height. As the stylus 
moves up and down, the instrument records its variation along the length 
measurement. It is a computerized, high-sensitivity surface profiler that measures 
roughness, waviness, and step height in a variety of applications. It features the 
ability to measure micron roughness, with up to 1 A resolution over short distances 
as well as waviness over a full, 10 mm scan. The 80486 DX computer offers 
powerful measurement control, data storage, and analysis. 
It is a very reliable, reasonable precision and useful instrument. Several 
factors could affect the measurements, such as environmental interference as well as 
stylus geometry and filtering. More details about the alpha-step 500 are give in 
reference [ 114]. 
2.3.2 Atomic force microscopy (AFM) 
Atomic force microscopy is a family member of scanning probe microscopy (SPM), 
which is used to study surface properties with high resolution. Contact mode AFMs 
at DIMES of Technical University of Delft, Netherlands and Auckland University of 
New Zealand, have been employed. The principle of contact model AFM [115-116] 
is following. A tip attached to the end of a cantilever scans the sample surface while 
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the trace of tip is recoded in three dimension. Detail about installation and operation 
refer to reference [ 117]. 
The root mean square roughness (rms) and max height or relative peak to 
valley (r p-v) data extracted from AFM measurement, have been used to aid GaN 
damage analysis. The explanation of these values are as following. 
2.11 
where Zi is the particular point height, Zave is the average of all the Z values. N is the 
number of the point measured. The mean can have a negative value because the Z 
values are measured relative to the Z value when microscope is engaged. Maximum 
height (Rmax) orr p-v is the difference in height between the highest and lowest point 
on the surface relative to the mean plane. 
The data has been processed such that flatness is in the 1st order for whole 
image in two dimension x and y. Then the needed data is extracted. 
2.4 Photoluminescence (PL) excitation spectroscopy 
Photoluminescence is the radiative recombination of a sample excited by an optical 
source, typically a laser with energy hv > Eg, generating electron-hole pairs. 
PL can provide simultaneous information on many types of impurities in a 
sample. However, only those impurities that can contribute to a radiative 
recombination process can be detected. 
In our experiments, photoluminescence is excited by a 300 nm line of an 
argon laser. The absorption coefficient at this wavelength is about 105 cm-1 [118], 
which results a e-1 penetration depth of about 100 nm into the GaN material. The 
laser light with incident power of 2.5 m W is focused normally on to the sample plane 
in a back-scattering geometry. Luminescence is collected by quartz optics and 
focused to the entrance of a 0.75 m SPEX model 1700 spectrometer. The signal is 
detected by a thermo-electrically cooled photo-multiplier tube. The samples are 
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mounted in a closed cycle helium cryostat. Variable temperature experiments are 
performed between 20K and 250K. 
According to Hovel [119], the PL intensity can be written by, 
<D = <D(l- R) cos( B) L 
PL 7m(n + 1)2 Tradsr 2.12 
where ~ is the incident photon flux density, R the reflectivity, 8 the emission angle, n 
the index of refraction, L the minority carrier diffusion length, 'tract the radiative 
lifetime, and Sr the surface recombination velocity, which is related to surface states. 
In our project, the as grown GaN sample has been compared with samples 
subjected to different etching processes. PL intensity is a measure of both surface 
and bulk. In this case, we keep using a series of sample from one wafer for a 
designed experiments to avoid other interference. Details refer to chapter 5 and 
chapter 7. 
2.5 Electrical characterization 
Many parameters can be used for semiconductor electrical characterization, such as 
resistivity, carrier and doping density, Schottky barrier, carrier lifetime and mobility. 
However, carrier and doping concentration, lifetime of carrier, mobility are more 
related to the bulk material, while Schottky diode properties and contact resistance 
are more related to semiconductor surface states, as manifesting from the dry etching 
process. So ohmic contact and Schottky diode properties have been selected to 
monitor top surface damage, and wire conductance to study sidewall damage in our 
project. 
Ohmic contacts have linear or quasi-linear current-voltage characteristics. 
The contacts must be able to supply the necessary device current, and the voltage 
drop across the contact should be small compared to the voltage drops across the 
active device regions. It should not inject minority carriers. In addition, such ohmic 
contacts should be reproducible. An ideal I-V characteristics of ohmic contacts is 
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shown in figure 2.8a. While Schottky contacts should have rectifying behavior with 
distinctly nonlinear current-voltage characteristics. An ideal I-V characteristics of 
Schottky contact is shown in figure 2.8b. A Schottky contact only allows current to 
flow in the positive direction. In practice, a Schottky diode has a barrier and a 
leakage current, When the reverse voltage is big enough, the Schottky diode always 
breaks down, see figure 2.8c. 
For ohmic contact and Schottky diode characterization, nominally undoped 
GaN on highly doped SiC substrate material has been used. Therefore, it is 
reasonable to assume current from one metal contact has gone through GaN film to 
SiC substrate and then pass the thickness of GaN film to another metal contact. A HP 
4145 parameter analyzer has been employed to record the current by the varying 
input voltage. The resistance (R) consists of the resistance of two contacts (Rc) and 
the substrate (R sub). 
R=2 Rc + Rsub 
Substrate resistance can be calculated by 
pl 
Rsub= A 
1 
wherep= --
nel-l 
2.13 
2.14 
2.15 
n is the semiconductor carrier density, e is the charge of electron, u is the mobility, l 
is the double thickness of GaN film (in this project), and A is the contact area. 
R can be extracted from V /I measurement, the contact resistance can be 
obtained from equation 2.13. 
The principle of data process for the Schottky barrier characterization will be 
presented in Chapter 4. The conductance measurement for sidewall depletion region 
will be presented in chapter 8. 
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Figure 2. 8 Ideal I-V characteristics of a) ohmic contact, b) Schottky contact. An 
ideal Schottky contact only allows current to flow in the positive direction. c) A 
practical Schottky diode has a barrier and a leakage current. 
2.6 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) has been shown to be particularly useful in 
investigating plasma-surface interactions underlying dry etch behaviour [120]. XPS 
experiments are performed using a PHI 5400 ESCA instrument equipped with a dual 
anode (Mg I AI) X-ray source, a hemispherical analyzer and a precision angle 
substrate stage. AI Ka is used for spectra of Ga2p3/2, Ga3s, Cl2p, Fls and Mg Ka is 
used to detect the spectra of Ga3s, Nls, Fls. The Ga auger line overlaps with theN 
peak using AI radiation and overlaps with the Cl peak using Mg radiation. Thus, both 
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of radiation sources detect Ga peaks as a control. During experiments, the 
instrument was set at constant analyser pass energy of 71.55 eV, using 
unmonochromatised incident X-ray radiation. The electrons emitted from the 
specimen were detected at an angle of 45 ° with respect to the specimen surface. 
In this project, XPS has been used to analyze the chemical composition of dry 
etched surfaces. Samples have been transferred from the etchers to XPS strictly 
under nitrogen atmospheric ambient to avoid sample deterioration by air 
contamination [121]. The control sample follows the same procedure except the dry 
etching. The XPS spectra were obtained using the equipment at Material science 
department, Technical University of Delft, Netherlands with assistance of Dr Wim. 
Sloof. 
2.6 Summary 
The principle of dry etching has been explained in detail. RIB Oxford 80 plus and 
ICP (MET Lab) systems have been separately discussed and compared. There dry 
etch systems are used for pattern transfer, while EBL and optical lithography are 
used for pattern definition. For metallisation, thermal evaporation has been used. We 
did not discuss this technique because this is a standard method. A profilometer, so 
called Alpha-step, is used for etch depth measurement and AFM for surface 
roughness inspection, while scanning electron microscopy (SEM), has been 
employed for profile inspection and X-ray photoelectron spectroscopy has been used 
for surface composition analysis. All these techniques are important for 
characterization of nanofabrication technology, while plasma diagnostic equipments, 
like LP and OES, are used for correlating plasma and etch characteristics. 
1-V characteristics of ohmic and Schottky diode are used to monitor the 
material surface states induced by etching process. The detailed description of GaN 
the diodes will be presented in Chapter 4. These methods are used for detecting top 
surface properties, while quantum wire device was designed to indicate the sidewall 
damage caused by etching process. The quantum wire device principle and device 
fabrication will be presented in chapter 9. Photoluminescence has been employed to 
detect the effects of etching process on optical properties by studying the changes in 
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PL intensities and the shifting of peak positions, which will be presented in chapter 5 
and chapter 8. 
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Chapter 3 
Nanostructure Pattern Fabrication· 
3 .1 Introduction 
The fabrication and characterization of semiconductor nanostructure are essential 
because of the important role played by such structures in the development of new 
electronic and optoelectronic devices [122]. In many applications, the ability to 
transfer high resolution patterns in the nitride semiconductor is a critical step towards 
the fabrication of the final device [123]. Generally, etching techniques have been 
employed to transfer the pre-defined patterns into the underlying substrate. However, 
it is difficult to develop reliable processes and to obtain a controllable profile in the 
nanometer-scale using wet etching. Thus, dry etching techniques are highly desirable 
for fine pattern transfer [ 65]. 
In the past, high etch rates of GaN have been achieved using electron 
cyclotron resonance etching (ECR), magnetron reactive ion etching (MIE) and 
inductively coupled plasma etching (ICP) [54, 66, 67, 68]. While high etch rate 
techniques have been applied for the fabrication of optical devices, low etch rate 
techniques are desirable for electronic devices such as gate recessing in transistors. 
This chapter describes the development of a SF6+N2 plasma process that 
allows fine lines and dots of nanometer dimension to be fabricated uniformly in 
GaN, as well as the optimization of profile with smooth surfaces. This has been 
achieved by varying the EBL dose and the etch gas mixture concentration of SF6 and 
• This chapter is based on the published papers " Fabrication of nanostructure" Microelectronic Eng. 
54(1-4), (2000), pp 419-422 and "High resolution reactive ion etching of GaN and etch induced 
effects" J. Vac. Sci. Techno!. B 17, (2000), pp 2759-2763. 
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N2. The developed procedure has been applied for the fabrication of nano wires and 
dots into Si/SixNy superlattices. 
3.2 Fabrication process 
The samples used in this study are nominally undoped 2.5 micron thick GaN with 
good surface morphology grown by metal organic vapor phase epitaxy (MOVPE) on 
c-plane sapphire substrate. 
The wafer is scribed into a series of 5 X 5 mm2 pieces, then cleaned in 
acetone in an ultrasonic bath, followed by rinsing in methanol and isopropanol 
alchohol (IP A). The samples are then blown dry with nitrogen gas and pre-baked in 
an oven at 85 oc to clean the surface from moisture. 
The pattern has been designed as in figure 3 .1 for one electron beam 
lithography (EBL) writing field. In a particular pattern block, for example, 50 nm x 
200 nm means wires of 50 nm width and 200 nm length with a spacing of 200 nm. 
For the pattern design, L-edit software has been used. 
A double layer of electron sensitive resist, polymethylmethacrylate (PMMA) 
with 4% low molecule weight (LMW 120K) PMMA dissolved in chlorobenzene and 
2.5% high molecular weight (HMW 996K) PMMA dissolved in xylene, has been 
spun on the GaN substrate resulting in a total thickness of 120 nm. PMMA is one of 
the first materials developed for e-beam lithography. It is a standard positive e-beam 
resist and remains one of the highest resolution resist available. So, PMMA has been 
used for all e-beam pattern writing in this project. The spinning speed used is 3000 
rpm and spinning time is 1 minute for every layer. 
Chlorobenzene is a good solvent and used to form a thick bottom PMMA 
layer(~ 80 nm here). Xylene is a poor solvent, this prevent the bottom layer to be 
dissolved in the top layer during the top layer spinning. The high molecular weight 
PMMA on top of the low molecular weight PMMA leads to an enhanced undercut 
profile during developing, thus greatly improves the reliability and quality of the lift-
off lines. 
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200nm x 200nm 
Figure 3. 1 The pattern designed for one EBL field writing. In a particular pattern 
block, for example, 50 nm x 200 nm means wires of 50 nm width and 200 nm length 
with a spacing of 200 nm. 
The electron beam lithography is performed using a converted Phillips PSEM 
500 scanning electron microscope, which is operated at 50 kV. A beam size of 16 nm 
in diameter has been used to achieve proper line width, the exposure doses have been 
varied over a wide range from 300 ~-tC/cm2 to 3000 ~-tC!cm2 • The exposed samples are 
developed in MIBK : IPA = 1 : 3, which dissolves the exposed resist, leaving 
unexposed resist behind. 
Subsequently, the samples are coated with 80% Ni - 20% Cr alloy, which acts 
as the etching mask. The NiCr is deposited by thermal evaporation to a thickness of 
30 nm. It is worth pointing that before evaporation, the evaporator chamber should 
be cooled down for about an half hour to achieve a better background pressure and 
film adhesion. 
The lift-off technique is applied to reveal the etching mask. The samples are 
immersed in acetone, which is a strong solvent of PMMA, to remove the unwanted 
metal (lift-off). For the fine wires and dots, a plastics squeeze mouth has been used to 
promote the lift off process. 
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Figure 3. 2 Fabrication process of nanometer structure on GaN and Si/SixNy. 
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The reactive ion etching process has been carried out usmg an Oxford 
Plasmalab 80 plus system with the following etching conditions: rf power density, 
0.45 W/cm2, etching pressure, 19.5 11bar, substrate temperature, 50 °C, variation of 
N2, from 0% to 75% and total gas flow rates, 40 seem (SF6 + N2). The fabrication 
process is shown in figure 3.2. 
The etch profiles have been inspected using scanning electron microscopy. 
The etch depth has been measured using a Dektak II surface profiler. To determine 
the degree of the sloped profiles, the angles between the inner sidewall and substrate 
surface are calculated from tan-1 D/S =a, where Dis the etched depth and S is the 
distance between the actual profile compared to the anisotropic one, (see 
figure.3.3b). Figure 3.3a will be discussed later. 
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Figure 3. 3 a) Etch rate and profile dependence on %N2 in SF6 plasma, b) Schematic 
drawing of profile and the angle a. 
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To assess the microscopic roughness of the GaN surfaces before and after 
etching, atomic force microscopy ( at Auckland University) has been employed. A 4 
J.lm x 4 J.lm dimension of the surface area has been selected for random verification 
the surface roughness. 
3.3 Results and discussion 
3.3.1 Dose optimization forGaN EBL 
In EBL, dose optimization plays an important role, thus dose optimization for 
nanostructure pattern fabrication has been focused on first. Other workers have 
performed much experimental work on resist and dose [113, 124]. If one exposes a 
positive resist to a range of doses and then develop the pattern, ideally, the film 
thickness of resist exposed, would drop abruptly to zero at the critical dose. The 
bigger the dose used, the cleaner the exposed surface. In practice, in order to 
minimize bias and proximity effects, positive resists should be exposed and/or 
developed as lightly as possible while still fulfilling the conditions of a clean surface. 
For the given double layers PMMA, the doses from 300 J.lC/cm2 to 3000 
J.lC/cm2 with a step of 100 J.lCicm2 have been verified. For narrow wires, such as 50 
nm, 100 nm or 200 nm wide, doses smaller than 1000 J..tC/cm2 do not give good result 
in the EBL system at Canterbury university. Average estimation from experiments, 
the doses between 2000 J.lC/cm2 and 2500 J.lC/cm2 are the optimum for 100 nm and 
200 nm wires and dots writing in this EBL system. 50 nm wires or dots could not be 
successfully fabricated. It is under exposed if small doses are used, while it has been 
washed away if high dose, such as 3000 J.lC/cm2, is used. 
Figure 3.4 shows SEM images of GaN gratings using doses of 1200 J.lC/cm2, 
1400 J.lCicm2 and 2100 J..tC/cm2 respectively. The numbers on the patterns, are related 
to the dose for easy distinguishing. All these images are from one sample, which 
means that the etching conditions are the same for all structures. 
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c 
Figure 3. 4 a) SEM images of GaN wires and dots after subtractive pattern transfer 
using dose a) 1400 ).lC/cm2, b) 1200 ).lC/cm2 and c) 2100 ).lC/cm2. 
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Figure 3.4a shows 200 nm wires clearly. Figure 3.4b shows that 200 nm 
wires and 100 nm wires and dots can be resolved. However, 100 nm x 100 nm dots 
have disappeared after etching. It is difficult to determine the absolute value of the 
dose, since PMMA is not the most electron sensitive resist, however it has high 
resolution. Other reasons, such as changing sample preparation conditions and 
instrumental functions, i.e. instability in beam current, and focusing to the same 
degree etc., will affect the EBL writing as well. Figure 3.4c shows the nano dots by 
using a dose of2100 flC/cm2 . 
The dose needs to be more accurately determined for high-density patterns. 
Over exposure or exposure with high acceleration voltage will broaden the designed 
pattern for both width and length, and narrow the spaces or even join the isolated 
pattern. This is resulted from the so called proximity effect. Proximity effect is 
unwanted exposure in resist and substrate due to scattering electrons. A narrow line 
between two large exposed area may receive so many scattering electrons that it 
actually can develop away (in positive resist) while a small isolated feature may lose 
some of its dose due to scattering electron that it develops incompletely. 
There are some examples of what happens to test patterns when proximity 
effects are not corrected for. Figure 3.5 shows SEM image of designed structures 
with 200 nm width pattern defined by EBL. The obtained final pattern, is much wider 
than that of the original design. The high density patterns are joint. The original 
spacing of 200 nm has 
Figure 3. 5 Over exposure for both low density and high density pattern, wires are 
much larger than original designed pattern. 
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been totally filled up. It is clear the dose used here has been too high for producing 
high density patterns 
The patterns shown in figure 3.6 are a bit wider than that of the original 
designed patterns of 200 run. However, the wires can be resolved in both low and 
high density pattern. Obviously, the dose used here is reasonable for the low density 
pattern, however the dose seems still too high for the high density pattern. 
Figure 3. 7 shows that wires have been well defined and transferred in both 
lower density and high density patterns. The wires width seems close to 200 run, the 
original designed pattern width. It is clear that the dose used here is good. 
From above observation, we can see that proximity effect plays an important 
role. Proximity effect is always present. In low density patterns, the proximity effect 
will not seriously show out. While in high density patterns, proximity effect needs to 
be taken into account seriously. Many different schemes have been devised to 
minimize the proximity effect. If a pattern has a fairly uniform density and line 
width, then all that may be required is to adjust the overall dose until the patterns 
come out in the proper size. Acceleration voltage is one of the main factor cause 
proximity effect. High voltages, from 50 kV to 100 kV or more, minimize forward 
scattering, although in the same case, this can increase the back scattering [ 113]. 
Figure 3. 6 Wires are a bit wider than the design, but can be resolved in both low 
density and high density pattern. 
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Figure 3. 7 Well defined wires in both low density and high density pattern. 
Low acceleration voltage causes less proximity effect. By going to very low 
beam energies, where the electron range is smaller than the minimum feature size, 
the proximity effect can be eliminated [113]. The disadvantage is that the thickness 
of a single layer resist must also be less than the minimum feature size so that the 
electrons can expose the entire film thickness. In addition, the system design is much 
harder for low voltage since the electrons are more difficult to focus into a small spot 
and more sensitive to stray electrostatic and magnetic fields . 
3.3.2 Etch optimization 
The effect of varying the %N2 in the SF6 + N2 gas mixture on the etch rate and 
profile is shown in figure 3.3a. It can be seen that at low %N2 addition, the etch rate 
increases significantly and saturates at high %N2 addition. In addition, the 
dependence of the angle between the inner sidewall and the substrate surface, a, 
increases as N2 content is increased from 0 to 75% in the etch gas mixture. All the 
patterns have been transferred uniformly into GaN. 
Figure 3.8 shows scanning electron micrographs of typical GaN dots, which 
have been etched in 80% SF6 + 20% N2• A round top can be seen clearly (Residual 
NiCr mask has not been removed). 
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Figure 3. 8 Scanning electron micrographs of typical GaN dots, which have been 
etched in 80% SF6 + 20% N2. Detail etch conditions see text. A round top can be seen 
clearly. 
Figure 3.9 shows scanning electron micrographs of typical GaN wires, which 
has been etched in 25% SF6 + 75% N2 (The NiCr mask has not been removed). The 
view point of figure 3.9a and 3.9b has a 90 ° difference. The Figure 3.9a has been 
imaged facing the width of wire, while the figure 3.9b has been imaged by facing the 
length of wire. A round comer can be observed clearly from both images. 
The rounding of the top of the pattern is probably caused by faceting. In 
serious cases of faceting, the etching has a pronounced effect on the sidewall angle. 
Only 30 nm NiCr has been used as an etch mask. In this case faceting is most likely 
to occur due to the thinner layer at the mask edge, which is etched away during GaN 
etching. 
The sidewall slope is more emphasized in a smaller dimension pattern than 
that in a bigger one (The etching profile shown in 3.9 looks like more vertical, 
compared the other two). The sidewall slope is possible caused by faceting and /or 
redeposition, which will be explained more detail in chapter 6. 
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Figure 3. 9 SEM image ofGaN wires etched in 25% SF6 + 75% N2 are imaged from 
different angles. The view point of a and b has 90 o difference. A round comer can be 
observed clearly. 
We have studied the surface roughness of GaN before and after etching using 
atomic force microscopy (AFM). Figure 3.10a shows an AFM image of 4 !-liD x 4 !-liD 
area for the unetched surface while figure 3.10 b) and c) show AFM images for the 
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Figure 3. 10 a) AFM image of unetched GaN surface, b) GaN surface etched m 
100% SF6, c) GaN surface etched in 25% SF6 + 75% Nz. 
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100% SF6 etched and 25% SF6 + 75% N2 etched GaN surfaces respectively with the 
same size of area. The formation of pits are observed clearly on the RIE etched 
surfaces, also shown in SEM image in figure 3.4c, and has been reported previously 
[33]. 
The root mean square (rms) surface roughness as a function of N2 content in 
the gas mixture is shown in table 3.1. It can be seen that surface roughness after 
etching is dependent on the %N2 in the gas mixture. The general trend is that as %N2 
increases, the rms surface roughness is reduced. Microscopically smooth surfaces 
compared to the unetched surface are evident at N2 concentrations of higher than 
50%. 
Table 3. 1 Root mean square surface roughness as a function ofN2 concentration in 
SF 6 plasma, as determined by AFM 
Sample rms roughness (nm) 
Unetched 0.516 
O%N2 2.546 
20%N2 1.294 
40%N2 0.785 
60%N2 0.464 
70%N2 0.382 
75%N2 0.435 
The observed increase in the etch rate, the improvement towards anisotropy 
in the etch profile and the smoother surfaces obtained with increasing N2 content in 
the gas mixture may be caused by a number of possible mechanisms. fu the reactive 
ion etching of GaN in SF6 plasma, non-volatile GaFx is produced [53], which is 
probably not removed efficiently. Therefore, the non-volatile GaFx accumulates with 
etching time, resulting in the observed slow etching rate, over-cut profile and rough 
surface. 
With the addition of N2 in the SF6 plasma, the presence of N2 and its 
associated atomic species may 1) remove the GaFx efficiently by physical 
bombardment, 2) react with GaFx to form volatile NFx and/or 3) react with nitrogen 
from GaN to form N2 [125]. It is worth pointing out that the Ga-N band distance 
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(3.18 A) is much larger than that of an N-N single bond distance (~1.5 A). This has 
been described in section 1.2, crystal structure of chapter 1. 4) have possible charge 
exchange [126] ofN; with fluorine containing species, result in larger fluorine ion 
density. One or more of these mechanisms may serve to enhance the etch rate, cause 
the sidewall profiles to become more vertical and smoothen the microscopic surface 
roughness as N2 content in the gas mixture increases. 
It is obvious that the N2 plays an important role in etching behavior of nitride 
compounds. N2 addition to fluorine plasma in etching SixNy increases the etch rate. 
Now it has been found that adding N2 to fluorine (SF6) increases the etch rate in 
etching GaN. However, the exact nature of N2 in the plasma needs further 
investigation. The N2 role in etching behavior and creating electrical and optical 
damage will be discussed in chapter 4, 5, 6, 7 and 8 correspondingly. 
3.4 The application of nanofabrication technique 1n Si/SixNy 
super -lattice 
The prospects for integrated Si electronics and optoelectronics make light emission 
from Si-based material a very active area of research [127]. The observation of 
visible PL emission from thin multi-layers consisting of 6 to 8 periods of a-Si/Si02 
has been obtained by successive vacuum deposition of Si and ex-situ exposure to UV 
ozone [128]. Research on the fabrication of nano dots and wires on Si/SixNy multi-
layer grown by Institute for Microstructural Sciences, National Research Council 
Canada has been undertaken as research collaboration. 
The materials used for fabrication consist of 10 layers of Si 1.9 nm and SixNy 
0.8 nm on Si substrate with good surface morphology. Figure 3.11 is a schematic 
drawing of Si/SixNy structure. The Si/SixNy multi-layers have been deposited on 
(001) Si by electron gun Si evaporation and periodic electron cyclotron resonance 
(ECR) plasma nitridation [128]. Exposure to the nitrogen plasma resulted in the 
formation of a thin SixNy layer, whose thickness was self-limited and controlled by 
process parameters. 
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Figure 3. 11 Schematic drawing ofSi/ SixNysuper-lattice structure. 
To fabricate quantum wires and dots on Si/SiN multi-layers, we used the 
same procedure developed for GaN. This includes cleaning, pattern definition, 
development, metallization and lift off. The major difference was the etching gas 
composition. The gases used for growing Si/SixNy is a mixture ofCHF3 and Ar. 
Vertical quantum wires and dots with smooth surface and sidewall have been 
uniformly fabricated into Si/SixNy material. Figure 3.12a is a SEM image of quantum 
wires on the Si/SixNy multi-layers. The sidewall vertical nature is quite reasonable. 
Figure 3.12b is an AFM 3D image of quantum dots. Read from the images, the 
diameter of dots is about 70nm. The tapered sidewall is more obvious than the figure 
3.12a. They are from the same sample. 
The sample is etched with the following condition: a gas composition of 
CHF3 : Ar = 1 : 1, a total flow rate of 42.5 seem, an etching pressure of 32.5 Jlbar, a 
substrate temperature of25 °C, rfpower of200 W, de bias of 455 V and an etching 
time of 1 minute. 
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Figure 3. 12 a) SEM image and b) AFM 3D image of quantum wires and dots on 
Si/SixNy multi-layers with etching conditions of gas composition CHF3 : Ar = 1 : 1, 
total flow rate 42.5 seem, etching pressure 32.5 J..tbar, substrate temperature 25 °C, rf 
power 200 W, de bias 455 V, etching time 1 minute. 
3.5 Summary 
A process that allows the transfer of high-resolution nanometer-scale patterns into 
GaN has been developed. The e-beam dose has been optimized for the given double 
layers PMMA resist and the designed pattern. The doses of 2000 !lCI cm2 to 2500 
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!lCI cm2 are good for 100 nm and 200 nm dots and wires definition in the EBL 
system in Canterbury University. 
The influence of the composition of etch gas mixture on etch rate, profile and 
microscopic surface roughness has been investigated. The effort has concentrated on 
obtaining fine patterns with steep sidewalls and smooth etched surfaces for device 
applications. The addition of N2 in a SF6 + N2 gas mixture increases the etch rate, 
leads to more vertical sidewalls and decreases the microscopic surface roughness in 
the transfer ofnanometre-scale GaN lines and dots. With a gas mixture ofN2 : SF6 = 
3 : 1, an etch rate of~ 13.3 nm/min, wall to substrate surface angle of 80 o and a root 
mean square surface roughness of0.435 nm were obtained. 
N2 seems to play an important role in etching GaN, however the exact nature 
ofN2 role is umevealed. 
The developed procedure, but with a different etched gas composition, has 
been successfully applied in Si/SixNy super-lattice for the fabrication of sub-lOOnm 
quantum dots. 
The rounding top of the pattern is probably caused by faceting, which has a 
pronounced effect on the sidewall angle. In the case of thin mask, faceting is most 
likely to occur due to the thinner layer at the mask edge, which could be etched away 
during GaN etching. 
Chapter4 
Reactive Ion Etching Induced Damage Effects on 
Electrical Properties· 
4.1 Introduction 
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The high bond energy (robustness) of GaN and its related materials, as well as the 
high resolution demands in the fabrication of GaN nano-devices, make it essential to 
develop dry etching technologies for their processing. However, dry etching is 
known to induce damage, which may have serious effects on the electrical 
characteristics [129]. For example, during ion-enhanced dry etching, point defects 
and defect clusters are introduced into the substrate, which may affect the device 
characteristics [ 44]. Thus, the investigation and minimization of etch-induced 
damage effects in GaN is of utmost importance 
Many gases have been employed for the dry etching of GaN [65, 67]. In 
particular, a low-pressure Ch/N2 based plasma offers the possibility of fabricating 
almost vertical sidewalls without increasing surface roughness while maintaining 
sufficiently high etch rates [59]. Ch reactive ion etching for the gate-recessing of 
GaN field-effect transistors have been demonstrated but with partial success [130], 
due to degradation of electrical properties. Lately, SF6 has become an interesting 
alternative. Addition of N2 to the SF6 gas mixture has been shown to increase the 
etching rate, improve sidewall profile to be more vertical while maintaining the 
surface smooth for the fabrication of nanometer structures in GaN [20]. However, X. 
A. Cao et al [75] has found that compared to H2 plasmas, N2 plasmas cause more 
degradation in breakdown voltage of GaN Schottky diodes. 
• Tiris chapter is based on the published paper "Effects of reactive ion etch induced damage on 
electrical characteristics in GaN" J. Vac. Sci. Teclmol. B 18, (2000), pp 3467-3470. 
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In this chapter, a systematic study ofreactive ion etch-induced effects on the 
electrical properties of GaN exposed to Ar, N2, as well as SF6 + N2 plasmas will be 
presented. We also attempt to clarify the role of N2 in the etch gas mixture and the 
importance of ion mass in inducing etch damage. The related results have been 
compared with etch effects on ohmic contacts produced on SiC substrates and effects 
of etch induced damage on GaAs diode characteristics. 
4.2 Experimental detail 
The material used is nominally undoped (n ~ 1017 cm-3 ) 0.5 micron thick GaN with 
good surface morphology grown by metal-organic vapor-phase epitaxy (MOVPE) on 
SiC substrate. Plasma etching is carried out in an Oxford Plasmalab 80 Plus system 
with the following conditions for the argon plasma (bombardment): power densities 
of0.41W/cm2, 0.16 W/cm2 and 0.03 W/cm2, resulting in the de biases of 477 V, 260 
V and 95 V respectively. The substrate temperature of 50 °C, a total gas flow rate of 
40sccm and etch pressure of 19.5 ~Jbar were kept constant. In the case of SF6 + N2 
plasma etching, a power density of 0.45 W/cm2 was used, with varying percentages 
of N2 added to the SF6 plasma, giving a de bias of around 440 V. The etching 
pressure has been kept constant in all experiments at 15 mTorr. 
For the ohmic contact experiments, GaN surfaces are subjected to an argon 
ion bombardment at power densities varied from 0.03 W/cm2 to 0.41W/cm2. Optical 
lithography is used to define the patterns in the photoresist for the ohmic contact with 
total area of 200 J.tm x 200 J.tm. The mask pattern is shown in figure 2.4. 
Subsequently, thermal evaporation is used to evaporate 40 nm aluminum, capped by 
40 nm gold on the etched GaN surfaces and on the control samples. Then standard 
lift-off technique is employed to obtain the ohmic contact pads. 
For the diode experiments, ohmic contacts using Al/Au have been fabricated 
initially on the four comers of the unetched GaN samples. Then positive photo-resist 
(S1813) has been spun on the sample followed by optical lithography and standard 
development. The photo-resist patterned samples are then exposed to the plasma. 
Before evaporation of the Schottky contact, the samples have been treated with HCl: 
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DI water =1 : 1 for 30 seconds at room temperature. Gold, palladium, titanium and 
nichrome have been investigated for Schottky contact fabrication. After thermal 
evaporation, lift off technique is employed, and both Schottky and ohmic contacts on 
the same GaN surfaces have then been ready for measurement. 
A Hewlett Packard (HP) 4155 semiconductor parameter analyser has been 
used to measure the current-voltage (I-V) characteristics. The error bars, indicated in 
the figures, correspond to the standard deviation from the average for the groups of 
contacts measured from each sample. 
Atomic force microscopy (AFM Nano-Scope Ilia in Auckland University, 
New Zealand) has been used to monitor the microscopic surface roughness resulting 
from the plasma exposure. Additional GaN samples have been etched in each 
experiment for this purpose 
4.3 Data analysis principle 
The band diagram of a Schottky diode on ann-type substrate is shown in figure 1.3. 
The ideal barrier height of <1>0 is approached only when the diode is strongly reverse 
biased. The actual barrier height <Db is less than <1>0 due to image force barrier 
lowering and other factors. For instance, etch damage may induce more surface 
states, and therefore, change the barrier height. The built-in potential Vi is the 
electrostatic potential difference between free electrons in the conduction band on 
either side of the junction, and Vo is the potential of the semiconductor Fermi Level 
with respect to the conduction band 
The thermionic current -voltage relationship of a Schottky barrier diode, 
provided that the forward bias is not too large, is given in theory by [90]. 
4.1 
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with! =AA*T 2 exp (-q¢~ 
s kT) 4.2 
18 is the saturation current (rnA), k is the Boltzmann's constant, A is the diode area 
(cm2) Tis the temperature (K), and A* is Richardson's constant. Theoretical value of 
A* = 26 A/cm2 K 2 is for GaN and 4.4 x 104 A/cm2 K2 is for GaAs. Richardson 
constant varies greatly with processing conditions such as annealing [90]. Therefore, 
we plot an I-V curve to evaluate the data for the annealing case. <l>b is the effective 
barrier height (eV). 
In practice, diodes never satisfy the ideal equation 4.1 exactly and the 
modified equation is given by: 
4.3 
Or expressed as [90] 
4.4 
Where n is the ideality factor. The ideality factor n incorporates all those unknown 
defects which makes the device conduction mechanism non-ideal. In principle, 
diffusion dominating the conduction leads to an ideality factor of 1, and when 
recombination dominating the conduction, it leads to an ideality factor of 2. It is not 
easy to determine the control factor in practice. In addition, a Schottky contact is 
unlikely to be uniform over its entire area. Barrier height patchiness leads to n> 1 and 
responsible for other effects such as the decrease in n with temperature and with 
increasing reverse bias [ 131]. 
For values ofV> 3kT/q, equation 4.3 can be written as a simple form 
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4.5 
Equations 4.5 and 4.2 have been used for the analysis of the I-V diode data 
recorded here. Is can be obtained by an extrapolation of the log (I) versus V curve to 
V = 0. The barrier height is calculated from the current Is, using equation 4.2. This 
means the barrier height determined is valid for zero bias. Then from equation 4.5, 
one can calculate ideality factor n. 
4.4 Results and discussion 
4.4.1 RIE pre-exposure effects on ohmic contact characteristics of GaN 
According to literature information [82,84,87] many metals have been evaluated for 
ohmic contact on GaN grown on SiC substrates. 
It is difficult to make ohmic contacts on wide-gap semiconductors. A metal 
does not generally exist with a low enough work function to yield a low barrier. In 
such cases, the general technique for making an ohmic contact involves the 
establishment of a heavily doped surface layer such as metal-n+-n or metal-p+-p 
contact by various methods, such as shallow diffusion, alloy regrowth, in-diffusion 
of a dopant contained in the contact material and ion implantation. In our work, 
ohmic contacts using Al/Au (40 nm/40 nm) have been successfully fabricated on n-
GaN without an annealing step. This is due to the possibility that Al tends to replace 
Ga [132] and atomically forming a mixture layer between the metal and 
semiconductor. 
Secondly, ohmic contacts have been fabricated using Al/ Au on unetched GaN 
surface and surfaces subjected to argon plasma exposure at different power densities. 
Figure 4.1 shows the current-voltage (1-V) characteristics as a function of argon-
plasma power density. In the etched samples, the data show a trend of decreasing 
ohmic contact resistance with decreasing etch power density. The lowest specific 
contact resistance of 0.075 ohm-cm2 is obtained after argon bombardment at a power 
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Figure 4. 1 1 I-V curve of Al/Au ohmic contact on GaN after pre-exposure to an 
argon plasma at different power densities. The one etched at 0.03 W/cm2 has the 
lowest resistance and keep linear I-V characteristics. 
density of 0.03 W/cm2 for 2.5 minutes, a factor of 6 less than from the unetched 
surface. 
To correlate the relationship between the surface roughness and the resistance 
characteristics, atomic force microscopy has been performed on similarly etched 
samples and the results are presented in Table 4.1. 
Table 4. 1 AFM surface roughness analysis of GaN surfaces after argon 
bombardment with different power densities. While keeping other etching 
parameters the same. 
Power density (W/cm'l.) rms roughness (nm) Contact resistance 
(ohm-cm2) 
Unetched sample 3.6 0.491 
0.41 3.7 0.229 
0.16 2.4 0.191 
0.03 1.9 0.075 
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It has been noticed that different wafers have different surface roughness. 
The reason for the rough surface of as grown material, could be the fact of nitrogen-
deficiency, due to thermal decomposition of the nitride layers during growth. 
Nitrogen-deficient film exhibits a polycrystalline structure with a mixture of cubic 
zinc-blende and wurtzite hexagonal GaN grains retaining tetragonal bonding across 
the boundaries and the epitaxial orientations and polarity. Renucleation of the 
wurtzite phase at different [109] planes of cubic GaN results in a rough and faceted 
surface of the film [133]. Different growth techniques and different runs of growth 
could have different nitrogen deficiencies, which causes different surface roughness. 
Lower energy argon ions may preferentially sputter away the spikes, while 
the higher energy ions may sputter away the atoms that they hit on sample surface. 
Thus, pre-etching with lower power density plasma produces smoother surface rather 
than etching at higher power density. In the SF6 + N2 case, it is possible that nitrogen 
incorporation reduces the nitrogen deficiency and smoothen the surface. Table 3.1 
shows that the surface rms decreases with increasing nitrogen percentage. The 
surface composition analysis by XPS, which will be present in chapter 5, support this 
explanation. 
The root mean square (rms) surface roughness is seen to decrease with 
decreasing etch power density. It appears that the smoother the surface, the lower the 
specific contact resistance obtained. 
Previously, it has been found that argon bombardment can increase the 
concentration ofN vacancies on the sub-surface ofGaN [33, 134]. N vacancies are 
an intrinsic doping source and hence any increase in their concentration would 
increase the conduction thus decreasing the resistance of the contacts. However, the 
microscopic smoothness of the GaN surface after argon bombardment may suggest 
other possible mechanisms for the observed decrease of the contact resistances. For 
instance, a larger effective contact area in the metal-semiconductor junction as a 
result of the smoother surface may contribute to the observed effect. 
The ohmic contacts on as grown material have been utilized for further 
experiments, instead of etched GaN, for the following two reasons. First is to identify 
the ohmic contact characteristics. The etching would affect the surface properties. 
Reproducibility of the plasma characteristics and parameters are not easy to control. 
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The properties of as grown material are more consistent and controllable. The second 
reason is that All Au on as grown material exhibits good characteristics of ohmic 
contact. 
4.4.2 Effects of argon plasma pre-exposure on ohmic contacts on SiC 
substrate 
To examine the conclusion that the low power density pre-etching in argon plasma 
improves ohmic contact characteristics, we have repeated the experiment on ohmic 
contacts on SiC substract to see if the improvements are general. The same metals 
and thickness have been utilized for ohmic contacts on SiC as used forGaN. The SiC 
substrates have been etched in an Ar plasma with the following power densities, 0.41 
W/cm2 and 0.03 W/cm2 respectively. The other plasma parameters have been kept 
the same as for the GaN ohmic contacts. The 1-V characteristics of etched samples 
are shown in figure 4.2a, the control sample is shown in figure 4.2b. Since the 
control sample has a very large resistance, they can not be clearly resolved in one 
figure. 
Samples etched with 0.03 W/cm2 have lower contact resistance, compared to 
the one etched with higher power density. The 1-V plot on figure 4.2b shows that the 
control sample has bad ohmic characteristics, besides a larger resistance. The surface 
roughness of the samples, by observing surface topography, is shown in table 4.2. 
The trend is quite similar with that observed in GaN. Lower power density pre-
exposure produces smoother surfaces than that of higher power density 
bombardment. High power density plasma produces higher ion energy, which 
smoothen the surfaces less effectively as explained section 4.4.1 and can induce 
more damage to the surface, compared to that etched by the low power density 
plasma. As grown material has the roughest surface with rms value of 106.17 nrn, 
which is nearly 2 times of that of the one etched by 0.03 W/cm2 with the rms value of 
48.89 nrn. 
From a defects point of view, etching induces defects, which shrinks 
depletion region and causes tunnelling to occur, and thus the barrier height is 
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decreased. Therefore, the resistance gets lower after etching. This explains that 
etching generally reduces the contact resistance. 
From a surface constitution point of view, the surface roughness and/or 
surface contact area are directly affecting the ohmic contact properties. The smoother 
the surface, the larger the effective contact area is, and the lower the resistance will 
be. Regarding the specified etching conditions, the best ohmic contacts are produced 
by etching that produces the smoothest surface. 
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Figure 4. 2 a) I-V plot of the ohmic contact on SiC after RIE argon plasma etching 
with different power densities. The other etch parametres are kept constant 
temperature: 50 °C, and a total flow rate, 40 seem, etch pressure 19.5 !Jbar. b) I-V 
plots of the control sample (unetched). 
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Table 4. 2 rms value of surface roughness of SiC control sample and samples etched 
at different rf power densities of argon plasma for 2.5 minutes. The other etch 
parameters are the same, temperature, 50 oc, total flow rate, 40 seem and etch 
pressure 19.5 jlbar. 
rfpower density (W/cmL) rms roughness (nm) 
0.41 62.48 
0.03 48.89 
Unetched 106.17 
4.4.3 Schottky contact on n-GaN and RIE pre-exposure effects on 
Schottky diode characteristics 
4.4.3 .1 Effect of metal work function 
Different metals have been investigated for Schottky diode fabrication on as-grown 
GaN. Table 4.3 shows the ideality factor, breakdown voltage, barrier height, leakage 
current and different metal work function [88,135]. It seems that the barrier height of 
Schottky contacts does not depend completely on the metal work function. From the 
experimental results, it is evident that gold (Au) is the best material for the formation 
of Schottky diodes, amongst Ti, Pd, and NiCr, on this series of GaN material using 
thermal evaporation. 
Table 4. 3 Ideality factor, breakdown voltage, barrier height, leakage current and 
work function of different metal-GaN diodes. 
Metal Ideality Breakdown Barrier height Leakage Work function ( e V) 
factor voltage (V) at (eV) current (rnA) (literature data) 
I= -0.001A atV=- 2 V 
Au 1.05 -4.22 0.450 0.51 5.20 
Pd 1.43 -0.56 0.370 11.3 5.17 
Ti 1.42 -1.12 0.370 3.3 3.83 
NiCr 1.45 -1.38 0.389 2.1 Ni: 5.15 
Cr: 4.44 
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Figure 4.3a shows the I-V curve of a Au diode on GaN that exhibits excellent 
rectification properties with a relatively high barrier height, low reverse leakage 
current and good ideality factor. Therefore, our subsequent diode experiments have 
been performed using gold as the Schottky contact. Figure 4.3b is a schematic 
drawing of an ohmic and Schottky contacts structure on GaN. The Schottky contacts 
are defined by optical lithography, as described in section 2.2.1. The mask pattern is 
shown in figure 2.4. 
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Figure 4. 3 a) I-V characteristics of an Au/GaN diode on as-grown GaN. It exhibits 
excellent rectification properties with a relatively high barrier height, low reverse 
leakage current and good ideality factor, and b) Schematic drawing of ohmic and 
Schottky contacts structure on GaN, which are ready for measurement. 
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Both HF and HCl substantial cleaning have been performed before actual 
diode metallization. The results show that the HCl treatment gives better Schottky 
characteristics, compare to HF treatment. The I-V plot using HCl treatment is shown 
in figure 4.3a. The possible explanation is that HF is a very strong acid, which might 
react with the top surface of GaN. 
x F + Ga + = GaFx 
This is a possible wet etching formula for GaN in HF acid. The etch product 
GaFx is possibly deposited on the surface. Any introduced defects and damage would 
deteriorate the diode properties. HCl basically removes the oxygen and carbon, and 
other contaminations on GaN surface. Therefore, the following diode experiments 
use HCl treatment before evaporating the metal. 
4.4.3.2 Effects ofvarying etching gases 
A study of the electrical performance of gold diodes fabricated on plasma exposed 
GaN has been undertaken. To compare the effects of the chemical versus physical 
factors, as well as the role played by the ion mass of the etchant species during the 
etching process on the diode behaviour, GaN surfaces have been exposed to Ar, N2, 
as well as SF6 + N2 plasmas. Table 4.4 lists the ideality factor, barrier height and 
breakdown voltage of the diodes after argon bombardment at different power 
densities. The data show that the electrical properties deteriorate after argon 
bombardment. 
This observation agrees with the ohmic contact behaviour. In the case of 
ohmic contact, this means that the possible existence of additional current paths and 
high electric fields associated with nitrogen vacancies, and defect introduction after 
argon bombardment may cause the low specific resistance measured. While these 
additional current paths and high electrical fields could result in the high ideality 
factor and the low breakdown voltage measured in the bombarded Schottky contacts. 
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Table 4. 4 Ideality factor, breakdown voltage and barrier height of Au-GaN diodes 
after argon plasma pre-exposure at different power densities. The other etching 
parameters are the same, temperature 50 °C, total flow rate 40 seem and etching 
pressure 19.5 !J.bar. 
Power density (W/cmL) Ideality factor Breakdown voltage (V) Barrier height 
at I= -0.001A (eV) 
Control sample 1.05 -4.22 0.450 
0.03 1.38 -2.93 0.431 
0.16 1.32 -1.98 0.422 
0.41 1.34 -2.10 0.421 
The barrier height, breakdown voltage and ideality factor of a series of Au-
GaN diodes whose GaN surface have been subjected to SF6 + N2 plasma are plotted 
in figure 4.4 a), b) and c), as a function of nitrogen percentage in SF6 plasma. The 
interesting results are that diodes fabricated on GaN exposed to SF6 + N2 plasma 
exhibit a similar or larger barrier height, a higher breakdown voltage, and an ideality 
factor closer to 1, compared to the unetched sample. In particular, the diode 
characteristics after 40% SF6 + 60% N2 plasma exposure exhibit better electrical 
behavior compared to 100% SF6, 100% Nz or Ar plasma exposures. 
The fastest etching rate of GaN in SF6 + N2 plasma compared to those in 
100% SF6 plasma, 100% N2 or Ar plasmas may produce the thinnest damaged layer. 
In additional, because of the existence of a higher removal rate of etch products, the 
GaN surface may be compensated by the presence of nitrogen ions in the SF6 + N2 
plasma compared to the GaN surfaces after pure Ar or SF6 plasma exposures [53]. 
These factors may lead to the optimized diode characteristics observed in the 40% 
SF6 + 60% N2 case. It is worth noting that atomic force microscopy studies have 
shown that surfaces of GaN are smoothened microscopically after SF6 + N2 plasma 
exposure, which has been presented in section 3 .2. 
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Figure 4. 4 a) Barrier height, b) Breakdown voltage, c) Ideality factor of Au-GaN 
diodes as a function of nitrogen percentage in SF6 + N2 plasma (The total flow rate 
has been kept constant). Dashed line is for control sample. The mixture gas 
improves diode properties. Etch conditions see experimental detaiL 
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Looking more closely at the electrical data for the GaN diodes whose 
surfaces have been exposed to argon and nitrogen plasmas, it can be seen that 
compared to the control sample in the same set of experiments, argon plasma 
exposure degrades the electrical properties of the diodes, while N2 plasma exposure 
does not. From the physical sputtering point of view, the higher ion mass of argon 
compared to nitrogen may create more N vacancies on the sub GaN surface after 
argon bombardment, see table 5.1, XPS surface composition analysis results. In 
addition, more defects may also be introduced deeper in the GaN substrate. From the 
chemical viewpoint, the existence of nitrogen ions in the plasma may serve to 
compensate the N vacancies created during bombardment. Such defect compensation 
effect has been observed by others [63] and is confirmed by our experiments [48]. 
Our x-ray photoelectron spectroscopy surface analysis, table 5.1, shows a higher 
nitrogen atomic concentration on the N2 plasma exposed sample compared to the Ar 
plasma exposed sample. Both physical and chemical considerations explain the 
observed electrical behavior. 
4.4.4 Comparison with the etch induced damage effects on GaAs 
It has been postulated that GaN and related materials are more robust to etch damage 
because of chemical inertness properties. GaAs has been examined as a reference to 
compare etching damage. 
The GaAs samples are lightly doped 3x1017 n-type thin film with thickness of 
1!-Lm grown on a semi-insulating GaAs substrate. 
The GaAs ohmic contacts have been fabricated by thermal evaporation of 
Gel Au/Ni alloy followed by 1 minute annealing in nitrogen atmosphere. An 
annealing temperature between 325 °C and 380 oc has been used. The GaAs ohmic 
contacts exhibit good ohmic contact characteristics as shown in figure 4.5. After the 
ohmic contacts are fabricated on unetched samples, GaN and GaAs samples are 
exposed to SF6 + N2 plasma together, to ensure the same etching conditions. Note 
that during etching, the ohmic contacts are masked to avoid exposure to the plasma, 
which could result in further effects on ohmic contact properties. The etching 
conditions are set as following; a total gas flow rate of 40 seem, an etching pressure 
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of 19.5 11bar, an rf source power of 200 Wand a temperature of 300 K. The etching 
gas composition and de bias have been varied, sample 1 to 4 were etched with 100% 
SF6, SF: N2 = 4: 1, SF6: Nz = 3 : 2, 100% N2 and de bias 469 V, 424 V, 444 V, 427 
V, respectively. Sample 5 has been used as grown material for control purpose. Then, 
the Schottky diodes are fabricated using Ti/ Au for GaAs by thermal evaporation. 
Table 4.5 shows the ideality factor, barrier height and breakdown voltage of 
GaAs samples at room temperature before and after etching. After fluorine plasma 
etching, the ideality factor has become closer to 1, the barrier height and the 
breakdown voltage has increased. The one etched with 100% SF 6 has the smallest 
ideality factor, the highest barrier height and the lowest breakdown voltage, while the 
one etched with 100% N2 has the largest ideality factor, the smallest barrier height 
and the lowest breakdown voltage amongst that of all the samples. The mixture gas 
SF6 + N2 etched samples show intermediate values. 
From chemical reaction aspect, a thin insulator layer formed by etch products, 
could cause the rectification effect [136]. Pure N2 physical sputtering has removed 
the etch product better than the others as N2 has the highest ion current density (table 
5.2). While in pure SF6 plasma, there might have formed a relatively thicker insulator 
layer GaFx between the semiconductor and metal contact. The results indicate that 
chemical etching condition produces a better diode rectification in etching GaAs, 
possibly by forming an insulator layer due to the non-volatile reaction product GaFx. 
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Figure 4. 5 I-V characteristics of ohmic contact on GaAs by using thermal 
evaporating AuGeNi alloy, and annealing in nitrogen atmosphere between 325 oc 
and 380 °C for 1 minute. 
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This part of the work is for the comparison of the robustness of GaN and 
GaAs to etch damage for the specified plasma conditions. So the etch damage 
mechanism of GaAs will not be discussed here. Because of the different substrates 
used in etching GaN and GaAs, it is expected that the etching mechanisms of GaAs 
and GaN in a fluorine plasma would be different. The results here show that, the gas 
mixture SF 6 + N2 improves the GaAs diode properties. It is very hard to tell which 
material is more robust to a particular mixture gas SF6 + N2, due to different etch 
mechanism, which manifest the diodes properties in different way. 
However, the defects have been proposed to be propagated by radiation 
within the material. Since GaN has a larger band gap than GaAs. It is reasonable to 
assume that larger energies exist for defect propagation within GaN material than 
that in GaAs. Thus, in the same plasma condition, GaN could have larger damage 
than GaAs. This may explain the fact that wide band gap material GaN does not 
show more robustness to etch induced damage than GaAs. 
Table 4. 5 Ideality factor and barrier height of Schottky diode on GaAs after etching 
and before etching. The specified etching conditions see experimental detail. 
Sample Ideality factor Barrier height ( e V) Breakdown voltage 
(V) at I=-0.001A 
100% SF6 1.12 0.7128 -2.18 
40%Nz 1.43 0.7159 -1.65 
75%Nz 1.61 0.6891 -2.17 
100%Nz 2.08 0.6275 -0.99 
Control 1.80 0.6614 -0.66 
The mystery of the Nz role in etching behavior has been reported. Addition of 
N2 to Clz etching of GaAs, producing almost vertical sidewall and improving surface 
morphology has been reported [137]. Addition of N2 to SF6 has been found to 
increase the etch rate in etching GaN (chapter 3 and chapter 6) and improve the diode 
properties of GaN and GaAs. A mixture of SF6 + Nz may improve the diode 
properties by self-chemical healing and the energy dissipating to reaction products 
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and being removed with these reaction product. The role of nitrogen in etching GaAs 
is also unclear. Simple sidewall passivating effect is not sufficient to explain this etch 
behavior, since no N was found on the sidewall by Auger electron spectroscopy 
[137]. 
4.4.5 Annealing effects on diode properties of GaN on SiC substrate 
An annealing step has been used to recover the damage from physical bombardment 
and restore diode properties [138-139]. However, to my best lmowledge, there is no 
publication on the effect of annealing of as grown material. To investigate the 
material quality and annealing effects on diode properties, the following experiment 
has been carried out. 
Two samples of as grown material have been annealed at 500 K, 1000 K 
respectively, in N2 atmosphere for 1hour. Then, ohmic contacts and Schottky 
contacts on annealed and control samples have been fabricated. The result is shown 
in figure 4.6, where I-V characteristics of control sample and samples annealed at 
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Figure 4. 6 I-V curve plot of diodes on the sample pre-annealed at 1000K, 500K in 
N2 atmosphere for 1 hour and control sample. It clearly shows that annealing 
increases the breakdown voltage. 1000 K annealing results in the smallest leakage 
current and gives excellent diode characteristics by diode theoretical model fitting. 
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1000 K and 500 K are illustrated. After annealing, the leakage current is 1000 times 
smaller than that of control sample. The sample annealed at 1000 K results in the 
smallest leakage current and gives excellent diode characteristics by diode theoretical 
model fitting [140]. 
Nitrogen may possibly be incorporated in the GaN surface during annealing. 
This would lead to a surface with ideal stoichiometry and thereby reduce the surface 
state density. Consequently, it decreases the defects on the surface by nitrogen 
compensation and reduces the current paths, and further result in good Schottky 
diode characteristics. Another possibility is that annealing releases the thermal strain, 
which has been caused by the cool down procedure during growth. 
The observed results indicate that the as grown material should be annealed 
before it is used for electronic device fabrication. Since the as grown material is often 
nitrogen deficient 
4.5 Summary 
We successfully fabricated ohmic contact on n-GaN by All Au without using an 
annealing process for the ohmic contact. Pre-exposure of the GaN surface to an Ar 
plasma at a power density of 0.03 W/cm2 for two and a half minutes decreases the 
specific ohmic contact resistance by a factor of 4 compared to an unetched sample. 
The GaN surface has been found to be smoothened microscopically after the argon 
bombardment. A similar result has been observed on SiC substrates. Argon plasma 
with lower power density has produced better ohmic characteristics and smoother 
surface compared to plasma processing with higher power density. 
The results show that gold is the best metal for GaN Schottky contacts for 
the given series materials. The measured diode characteristics indicate that 60% N2 
and 40% SF6 is a suitable low damage dry etch alternative for GaN transistor gate 
recessing due to N incorporation and smoothening etched surface. However, this 
process has to be investigated upon its impact for carrier mobility. 
The comparison of etch effects on GaAs and GaN diode properties show that 
N2 may play an important beneficial role, but the exact nature of the nitrogen role 
remains unclear. 
82 Chapter 4 Reactive Ion Etching Induced Damage Effects on Electrical Properties 
fu terms of leakage current, the 1000 K annealing of GaN recovers diode 
properties better than that of 500 K. The annealing of as grown GaN in a nitrogen 
atmosphere results in better rectification, possibly due to the recovery of the surface 
stoichiometry close to ideal and the reduction of surface states density. 
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Chapter 5 
Effects of RIE Etch Induced Damage on the Optical 
Properties of GaN· 
5 .1 Introduction 
The potential of the wide band gap semiconductor GaN and related materials, for the 
realisation of optoelectronic devices has been well documented [2]. However, the 
successful development of such devices will require a better understanding of the 
materials' optical properties that can be affected by the fabrication processes. Dry 
etching is widely and routinely used for GaN device fabrication. However, dry 
etching induced defects may serve as local non-radiative recombination centres for 
electron-hole pairs, reducing the radiative lifetimes and luminescence efficiencies of 
optical devices [ 44]. Thus, the study of etching induced damage effects on the optical 
properties is important. 
Photoluminescence occurs when electrons are deliberately excited up to the 
conduction band (stimulated absorption) by light at a fixed wavelength, causing the 
sample to luminescence as the electrons and holes recombine. By measuring the 
spectra of the luminescence, we can find out the energy difference in the transitions 
and how often they occur, thus determining fundamental properties such as the size 
of band gap and the defect state present. Many researches on optical properties of 
GaN and defects are very often done through photoluminescence [1-3]. 
GaN grown on sapphire substrate exhibits compressive strain and 
photoluminescence (PL) studies have correlated defect-related blue and yellow 
luminescence bands with etch-induced damage [50]. Donor-bound exciton peak 
• This chapter is based on the published papers "A study of reactive ion etching effects on optical 
properties in GaN" Microelectronic Eng. 57-58, (2001), pp 585-591 and "Photoluminescence and 
photoconductivity study of reactive ion etched GaN on SiC substrates" IP AP CSI pp774-777 
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(D0X) intensity has been found to increase after Ar and SF6 etching, which is 
consistent with the contention that nitrogen vacancies [141] are related to the origin 
of the D0X [33, 142]. However, according to Neugebauer et al [143]'s, theoretical 
calculation does not positively support the identification of the single nitrogen 
vacancy, but it does not exclude clusters of nitrogen vacancies. There are two native 
defects, the nitrogen vacancy and the interstitial gallium. Both are shallow donors at 
ambient pressure. Perlin et al [144] suggested that the dominant donors are nitrogen 
vacancies because of their lower formation energy. 
In contrast, GaN grown on SiC possesses tensile strain and SiC represents an 
alternative substrate for GaN growth. Very recently, Chang et al [ 145] reported 
observations of reconfigurable optical properties in undoped GaN on SiC substrates 
by exposing the material to a high density UV light, which increased the peak 
intensity of the yellow luminescence at 2.2 eV. It is essential to systemically study 
optical properties and etch damage effects on GaN grown on SiC substrates before it 
be used in industry for real device fabrication. 
Addition of nitrogen to the SF6 plasma has been shown to increase the etch 
rate, improve the vertical nature of sidewall and the smoothness of the surface of 
GaN [32]. It also causes less electrical damage [47]. Lee et al [63] found that N2 
plasma treatment can recover the PL intensity, which decreased by dry-etch damage 
in n-type GaN. This chapter presents an investigation on optical properties of GaN 
grown on SiC and the dry etch induced damage effects under different plasma 
conditions. The photoluminescence and photoconductivity results have been 
correlated. To study the impact of dry etch processing on the optical properties of 
GaN, near band-gap luminescence of GaN sample after N2 etching has been 
compared to a control sample annealed at 1 OOOK for 1 hour in N2 ambient and the 
power dependence of near band gap PL intensity has been studied. 
5.2 Experimental detail 
The material used here is nominally undoped n-type GaN and consists of samples 
from a single wafer of 0.5 1-1m thick film grown by hydride vapour phase epitaxy 
(HVPE) on a silicon carbide substrate. The carrier concentration of the GaN film is 
about 3 x 1017 cm-3. 
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Six samples have been examined in this study. Four of them have been 
etched by reactive ion etching using various gases in an Oxford Plasma 80 system. 
The plasma parameters, etch pressure 19.5 Jlbar, substrate temperature 295K, total 
gas flow rate 40 seem and etch duration 1.5 minutes have been kept constant. Only 
the etch gases have been varied. Samples 1, 2, 3 and 4 have been etched in Ar, N2, 
40% SF6 + 60% N2, and SF6 plasmas at self induced DC biases of 495 V, 465 V, 417 
V and 440 V, respectively. Sample 5 is the control sample while sample 6 is 
annealed as grown material. The annealing condition is 1 OOOK in N2 atmosphere for 
1 hour. 
Photoluminescence is excited by the 300 nm line of an argon laser, which can 
penetrate about 100 nm into the GaN material [146]. The laser light with incident 
power of 2.5 m W is focused normally on to the sample plane in a back-scattering 
geometry. Luminescence is collected by quartz optics and focused to the entrance of 
a 0.75 m SPEX model 1700 spectrometer. The signal is detected by a thermo-
electrically cooled photo-multiplier tube. The samples are mounted in a closed cycle 
helium cryostat. Variable temperature experiments are performed between 20 K and 
250K. 
4-terminal photoconductivity (PC) experiments have been done using four 
ohmic contacts fabricated in a linear arrangement on each sample by thermal 
evaporation of 40 nm of aluminium and then 40 nm of gold. Note that the contact 
area has been masked from the etching process. Thus, the sample conductivity is not 
influenced by changes to the metal-semiconductor interface. 
A constant current of 400 J..tA. is passed between the outside contacts by a 
Delta Electronics constant current source. White light from a Xenon lamp is filtered 
by a SPEX 500M monochromator, chopped at 22.7 Hz, and then focussed between 
the inner contacts of the sample. The voltage across the inner contacts is pre-
amplified and measured by a Stanford Research Systems SR830 lock-in amplifier. 
The samples are housed in a continuous flow liquid helium cryostat. The 
temperature of the flowing gas is controlled by a purpose built controller allowing 
sample temperatures in the range of 5 K- 250 K to be obtained. 
To correlate PL with PC experiments, the GaN samples for PC experiments 
have been etched simultaneously with PL samples. Etched GaN samples prepared as 
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part of this project have been examined using photoconductivity (PC) in conjunction 
with the project of Olive Dickie [ 14 7] for completeness of discussion. 
X-ray Photoelectron Spectra of the Ga (2p3/2), N (1s) and F (1s) 
photoelectron lines are recorded for all six samples with a PHI 5400 ESCA 
instrument set at a constant analyser pass energy of 71.550eV, using 
unmonochromatised incident Mg X -ray radiation. The electrons emitted from the 
specimen were detected at an angle of 45 ° with respect to the specimen surface. 
A standard Scientific Systems, Smart Probe System is used for Langmuir 
probe measurement. A platinum - iridium (instead of tungsten) tip has been used to 
minimize tip consumption by the fluorine plasma. 
5. 3 Results and discussion 
5.3.1 RIE etch induced damage effects on photoluminescence spectra 
The figure 5.1(a) compares the photoluminescence (PL) spectra from a control 
sample with samples etched using plasmas of Ar, SF6, N2 and SF6 + N2 forGaN 
grown on SiC. The strongest feature of all from the spectra is a peak at 3.445eV, 
which has similar temperature dependence in all samples, see figure 5.1 (b). The 
etched samples appear to have a greater normalised intensity at elevated temperatures 
than the control sample. This difference is most probably due to a background from 
other PL bands (such as A0 X), as only the peak intensity has been used for the data. 
We attribute this feature at 3.445eV to a donor-bound excitonic peak, since a 
similar feature in the PL spectrum of GaN on SiC has been reported.24 The spectra in 
figure 5.1 (a) show that for all of the etching gases used, the D0 X intensity has been 
reduced, compared to the control sample. Photoluminescence intensity is very 
sensitive to surface recombination [119, 148], and can be related to the surface and 
bulk properties of the material being investigated. It has been shown previously that 
plasmas can cause damage to semiconductors [149]. The etch-induced defects could 
introduce both non-radiative centres and alternative radiative pathways into the bulk 
material by diffusion [150] or other means, thus changing the PL intensity. It is 
worth noting that D0X intensity enhancement in GaN on sapphire substrate after 
etching has been observed previously [141], while a decrease in D0X intensity is 
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found in the present experiments. This difference requires further investigation. In 
the samples etched for this experiment, the Ar and SF6 + N2 plasmas has resulted in 
nearly equal D0 X intensity, while the SF6 and N2 samples have slightly lower 
intensity with N2 having the lowest. 
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Figure 5. 1 a) Photoluminescence spectra at 20 K of an unetched (control) GaN 
sample and samples subjected to Ar, N2, SF 6 + N2 and SF 6 plasma exposures, b) 
Temperature dependence of the D0X intensity for N2, SF6 + N2 and SF6 etched 
samples. 
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5.3.2 X-ray Photoelectron Spectroscopy (XPS) results and 
Langmuir probe measurement 
Perlin et al [144] and Boguslawski et al [151-152] suggested that the dominant 
donors in GaN are N vacancies. Gil et al [142] suggested that the concentration of Ga 
interstitials under the equilibrium condition in Ga-rich material could be comparable 
to that of N vacancies, while it is difficult to determine exact chemical nature of 
donor. 
X-ray photoelectron spectroscopy (XPS) surface analysis has been performed 
to determine the surface composition of all the samples. Table 5.1 shows the atomic 
concentration ratio of N/Ga from XPS surface composition analysis. In general, N is 
deficient after plasma exposure except for N2 plasma. The surface after Ar etching 
has the lowest N atomic concentration. It is possible that physical sputtering removes 
N atoms preferentially. Samples after N-containing plasma exposures tend to have 
relatively higher N atomic concentration, most likely because N species from the 
plasma are incorporated into the material. 
Table 5. 1 Atomic concentration ratio of N (1s)/Ga (2p3/2), as determined by XPS 
surface analysis. Etch conditions see text. 
Sample N/Garatio 
Control sample 0.1606 
Ar etched 0.0911 
Nz etched 0.1664 
SF6+Nz etched 0.1309 
SF6 etched 0.1083 
To gain insight into the degree of ion bombardment present in the various 
plasmas, Langmuir probe measurement has been used to determine the plasma ion 
current densities. Table 5.2 lists plasma ion flux resulted from Langmuir probe 
measurement. Result shows that an Ar plasma has the highest ion current density 
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compared to N2, SF6 + Nz and SF6 plasmas. The highest ion current density in an Ar 
plasma, coupled with the lowest N atomic concentration on the GaN after Ar plasma 
exposure detected by XPS, suggest the creation of a severe damage layer. However, 
PL data show a similar intensity detected from the Ar etched sample. These 
experimental observations suggest strongly that ion bombardment and nitrogen 
deficient surfaces limited to the top few monolayers are not the only factors in 
determining the PL intensity. Moreover, the etch-induced defect distribution within 
the laser penetration depth of 1 OOnm remains unclear. 
In a SF6 plasma, chemical reaction dominates and the formation of a thick 
damaged layer with non-volatile product GaFx is highly possible [53]. We have 
detected a F peak in XPS analysis on the GaN surface after SF 6 etching. In Ar 
plasma, such fluorine-containing non-volatile product is not formed. However, 
diffusion of defects and ion bombardment could cause damage and decrease the D0X 
intensity. Langmuir probe measurement shows that SF6 plasma has much lower ion 
current density than that of Ar plasma, indicating less ion bombardment in the SF6 
plasma. On the other hand, these PL results suggest lower optical damage from Ar 
etched sample compared to SF6 etched sample. These experimental observations 
suggest that ion bombardment does not play as an important role as the chemical 
factors in creating etch damage in GaN. 
Table 5. 2 Ion current density in various RIE plasmas with pressure 19.5 f.tbar and 
power density 0.045W/cm2 at room temperature. 
Etching gases Ion current density (rnA/em") 
Ar 0.1397 
Nz 0.1139 
SF6+N2 0.0503 
SF6 0.0513 
In the SF6 + N2 plasma, the least optical damage has been induced in etched 
GaN. XPS also detected hardly any F-signal on the etched GaN surface. The possible 
efficient removal of the non-volatile products and the higher etch rate [145] as a 
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result of adding N2 to the SF6 plasma, the incorporation ofN on the GaN surface and 
the low ion current density detected in the plasma are factors that help to reduce the 
damage caused by the SF6 + N2 plasma. 
The PL intensity also can be explained by Hovel's formula [120]. A 
discussion on PL intensity using dangling bonds will be presented in section 8.3.3. 
5.3 .3 RIE etch induced damage effects on photoconductivity of GaN 
Figure 5.2 shows the photoconductivity spectra of the samples under study. All 
samples exhibit two prominent peaks at energies of 3.457 and 3.472 eV although 
with very different intensities as can be seen by the relative noise. No PC signal 
could be obtained from the SF6 etched sample. The bands observed in the PC spectra 
are significantly lower in energy than those observed by Buyanova et al [153] and 
Nel'son et al [154]. But the lower energy peak is close in energy to the single peak 
observed by De Vittorio et al [155]. 
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Figure 5. 2 Normalized photoconductivity (PC) spectra recorded at 5K of reactive-
ion-etched GaN epilayers on SiC substrates. A sample etched with SF6 did not 
exhibit a PC signal. The spectra are offset for clarity. 
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The two PC bands are separated by 15 meV, which is larger than that 
expected for the splitting of the A and B excitons. fu their reflectance spectrum 
Buyanova et al [153] observed two :free-exciton peaks at 3.472 and 3.492 eV split by 
20 me V. These authors suggested that the A and B excitons were both represented in 
the lower energy peak while the higher energy peak was due to the C exciton. 
Tchounkeu et al [156] resolved 3 free excitons at energies and shifts (in meV) ofEA 
3.477 eV (0 meV), EB 3.487 eV (10 meV) and Ec = 3.506 eV (19 meV) in a 
reflectivity spectrum of GaN grown on SiC. fu addition, Shan et al [161] observed 
:free excitons at energies and shifts of EA = 3.470 eV (0 meV), EB = 3.474 eV (4 
meV) and Ec = 3.491 eV (21 meV). Thus the splitting observed here of 15meV 
between photocurrent lines does not easily correspond to a splitting between :free 
exciton bands. 
However, there have been several reports of the splitting between the 1s and 
2s levels of the A-exciton. Tchounkeu et al [156] report this splitting as 15 meV 
while Orton and Foxon [10] report values between 15 and 20meV. By using 
additional above-band-gap illumination :from a laser, Shan et al [157] enhanced the 
reflectance features and were able to observe bands corresponding to the 2s states of 
the 3 :free excitons. These bands were observed at splitting of 16 meV :from the 1s 
state. 
Therefore the interpretation of the spectra here is that the A-exciton are found 
within the first PC line at 3.457 eV and that the second PC line is most probably the 
2s state of the A-exciton. 
Our photoluminescence results are consistent with the trend observed in our 
photo-conductivity (PC) signal [158] except the Ar etched sample. Among the etched 
samples, the sample etched by SF6 + N2 has the strongest PC signal, the sample 
etched by N2 has weak PC signal. No PC signal has been detected :from the sample 
etched with SF6plasma [147]. Here we have to point out that PC signal represents A-
exciton, while PL intensity is referring to D0X. Etching in different gases might have 
different effects on A-exciton and D0X. 
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5.3.4 Excitonic energy and epitaxial strain 
The strains on GaN thin layer is largely understood due to the mismatch of lattice 
parameter and the difference in thermal expansion coefficients between the epilayer 
and the substrate. As a result, this will affect the excitonic energy [30]. 
Figure 5.3 shows photoluminescence spectra from two unetched GaN sample 
measured at 25 K. Both epilayers are grown on SiC substrates. The energy difference 
of the two D0 X peaks is about 6 meV. The peak energies in those two samples are 
lower than that previously observed forGaN emission [159], but such a shift is not 
unreasonable for material from different sources and with different built-in strain. 
Figure 5.4 [160] shows collection of excitonic energies from literatures. The energy 
value of 3.4 73 e V is at the zero strain. Data on the right side are GaN grown on 
sapphire, while data shown on the left are GaN on SiC. Our data is also attached and 
indicated, on the trend line, labeled as this work. 
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Figure 5. 3 Photoluminescence spectra from two unetched GaN sample at 25 K from 
two wafers. Both epilayers are grown on SiC substrates. One sample with peak 
energy of 3.445 eV, another with peak energy of 3.439eV. The difference is about 6 
meV. 
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GaN samples with thicknesses of a few !liD grown on sapphire substrates, 
compared to a thick bulk-like GaN sample with a much reduced strain [161], have 
shown an upshift of excitonic energy. On the other hand, for the epilayer grown on 
SiC substrate, a downshift of excitonic energies has been observed. These excitonic 
energies shift can be explained from the different thermal expansion coefficients of 
GaN, sapphire and SiC [162]. The GaN layer grown on sapphire then experiences a 
compressive strain upon cool-down from growth, which will increase the exciton 
energies [163]. ForGaN grown on SiC, the strain is tensile, which will lead to lower 
exciton energies. This explanation has been evidenced by our annealing experiments. 
After annealing, the peak energy of GaN grown on SiC shifted to higher energy, 
which will be presented later in this chapter. 
Edward et al [164] reported on relaxation phenomena in GaN/AlN/SiC 
heterostructures by modulating the strain state (tensile) of moderately thick (around 2 
!liD) GaN based structures grown on 6H-SiC to a range 0 to 2 Kbar of compressive 
stresses. They are trying to solve the strain problem and give the possibility of 
approaching strain free GaN. 
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Figure 5. 4 Literature data collection ofD0X energy. Our data is labeled as this work, 
on the trend line of the collected data 
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5.3 .5 Power dependence of near band gap PL intensity 
Figure 5.5 shows the PL spectra measured at 25 K of the control sample with various 
incident laser powers. The inset is D0 X area intensity against power. Apparently, the 
intensity is linearly changing with incident laser. No saturation effect has been 
observed. 
The laser power dependence of the etched sample has been investigated. The 
result is similar to control sample. The D0X intensity decreases with power density 
linearly and no saturation effect has been observed. 
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Figure 5. 5 The PL specrta show that power dependence ofD0X intensity of control 
sample is linear. The inset is area intensity vs. incident laser power. The sample 
etched by SF6 plasma has the same trends of intensity dependence on power. No 
saturation effect has been observed. 
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5.3.6 Below-band gap PL spectra ofGaN on SiC 
One of the criteria used for judging the GaN material quality is the luminescence 
properties measured by the ratio of near band gap exciton recombination and deep 
level emission at room temperature. 
Spectra from 340 nm to 800 nm wavelengths have been scanned to 
investigate the blue and yellow luminescence [165]. Figure 5.6 is a comparison of the 
full wavelength PL spectra at 25K. A wide blue-violet band has been observed. 
Surprisingly, there is no obvious yellow luminescence of this series of GaN on SiC 
substrate samples. Sanche et al [166] suggested that the Mg-doping may reduce, but 
not avoid the formation of the yellow band related defects in n-type and semi-
insulating Mg-doped samples. Their explanation is that the yellow luminescence was 
not observed, it maybe justified by a higher efficiency of the Mg-related 
recombination path. 
This observation is in contrast to GaN grown on sapphire reported previously 
[51]. There, strong yellow luminescence has been observed and the intensity 
increases after RIBAr plasma etching. Teisseyre et al [30] reported that GaN epitaxy 
grown on GaN single crystal did not show strong yellow luminescence and 
luminescence near 3.2 eV (donor-acceptor pair) [30]. Their explanation is that good 
quality material should have no blue and yellow band emission. 
In figure 5.6, there are two obvious peaks, 3.08 eV and 3.28 eV, respectively, 
in the blue band. In between, there is another peak, 3.17 eV. This peak can only be 
observed in the control sample. This indicates that etching changes the 
recombination centre into a non-radiative recombination centre or into another 
energy state recombination centre to reduce the energy states of 3.17 e V. The etching 
does not create new energy states as radiative recombination centres. 
Meyer et al [167] suggested these peaks (3.28 eV, 3.17 eV, 3.08 eV) to be 
donor-acceptor pair and replicas. In our result, the 3.08 eV peak has the highest 
intensity while the 3.28 eV peak has about one fifth of the area of the 3.08 eV peak. 
This suggests that the 3.08 eV peak is the main radiative state. 
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Figure 5. 6 PL spectra of control sample of GaN grown on SiC and samples etched 
by Ar, SF6 and N2 plasma respectively. Obvious blue band with two peaks at 3.28 eV 
and 3.08 eV. No yellow luminescence band has been observed on this series 
samples. 
Strite et al [162] explained that the 3.27 eV range is from donor-acceptor pair 
recombination, involving the usual residual donors and acceptor of GaN. Their depth 
evaluated to 35 ± 5 meV and 220± 5 meV respectively [168]. However, Leroux et al 
[169] suggested that these peaks seem to be related to donor, or acceptor, or both. 
Trager-Cowan et al [170] experiments suggested that these luminescence bands are 
associated with structural defects. To identify and understand the defects related to 
recombination is valuable for optimisation of the growth procedure in device 
fabrication. However, it is difficult to make a decisive identification as to the 
chemical nature of the second slightly deeper donor. 
Figure 5.6 shows that the Ar etched sample has the highest intensity peak 
with the energy of 3.08eV. The Nz etched sample has the lowest intensity of this 
peak, similar to the control sample. The SF 6 etched sample lies in between. These 
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blue band peaks are not caused by etch induced defects, because the control sample 
has the peaks with same energies. XPS analysis results show, see table 5.1, that the 
N2 etched sample has the lowest Ga atomic concentration on the surface, while the 
Ar etched sample has the highest Ga atomic concentration, the SF6 etched sample is 
in the middle. Apparently, N deficiency follows the trend as the intensity of the 3.08 
eV peak. This suggests that the 3.08 eV peak is possibly related toN vacancies. 
The intensity trend of the 3.28 e V peak is different from the nitrogen vacancy 
trend. The Ar etched sample has the lowest PL intensity and the SF6 etched sample 
has the highest PL intensity, while the control sample and the N2 etched sample has 
similar intensity, in between. 
Figure 5. 7 a, b, and c are the temperature dependences of the spectra of the 
control sample and the samples etched by N2 and SF6+ N2 plasma respectively. The 
insets show the intensity ratios of the peaks 3.28 eV, 3.17 eV and 3.08 eV to their 
D0X. The empty blankets are due to these peaks' intensity too low to resolve. 
Temp. hosevlln°x hnevl In°x 13.28 evlln°X 
25K 0.07 0.05 0.06 
120K 1.02 1.00 1.36 
-
-20K 
=! 
c:s -35K D0X $ .......... _ 45K 
..... 
--- 55K 00 
51 ----- 75K 
:s -95K l 
........-- 120K r\ 
--- 150K 3.28eV 
----- 200K 3.08eV 3.17eV- . 
250K 
300K 
2.6 2.8 3.0 3.2 3.4 3.6 
Energy(eV) 
a 
98 
,.-. 
d 
d 
...._, 
.0 
...... 
til 
5 
.E 
Chapter 5 Effects of RIE Etch Induced Damage on the Optical Properties of GaN 
3.08eV 
D0X 
-20K 
-35K 
·-- 45K 3.28eV 
-- 55K 
---- 75K 
-95K 
.-- 120K 
-- 150K 
---- 200K 
250K 
300K 
----..... -.. 
2.6 2.8 3-0 i_2 3.4 
Energy(eV) 
b 
25K 
----+-------~------~------~iD0X 
0.08 0.06 
20K 120K 
-35K 
.----- 45K 
--- 55K 
----- 75K 
-95K 
._ __ 120K 
--- 150K 
200K 
250K 
300K 
2.6 
1.89 
2.8 
1.94 
3.08eV 3.28eV 
3.0 3.2 3.4 
Energy(eV) 
c 
3.6 
3.6 
Figure 5. 7 Temperature dependence ofPL spectra of a) control sample, b) N2 etched 
and c) SF6 + N2 etched sample. The blue band increases with temperature until 120 
K, and starts to decrease, suddenly drop to back ground level at about 200 K. The 
insets show the intensity ratios of the peaks 3.28 eV, 3.17 eV and 3.08 eV to D0X. 
The empty blankets are due to these peaks' intensity too low to resolve. 
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At 25 K, after N2 etching, the intensity ratio of peak 3.08 eV to its D0X is 
0.43, which is about 6 times more of control sample's 0.07; the intensity ratio of 
peak 3.28 eV to its D0X is 0.12, which is double of control sample's 0.06. While the 
SF6 + N2 etching increases the intensity ratio of peak 3.08 eV to its D0X very limited 
amount of 0.01 and does not change the peak 3.28 eV to its D0X ratio. This further 
indicates that the SF6 + N2 plasma induces less optical damage than N2 plasma. This 
result is consistent with near band gap PL observation described in sections 5.3.1 and 
photoconductivity result, which will be presented in section 5.3 .3. 
All the samples have similar behaviour ofblue band temperature dependence. 
The intensity of the blue band keeps increasing with temperature first and reaches the 
highest intensity at around 120 K, shown in the insets of figure 5.7. Then decreases 
with temperature slowly, about 200 K, the blue band intensity suddenly decreases to 
back ground level. This is a very interesting phenomenon, which could be used for 
temperature control light emitting devices. This observation is similar to that of 
Meyer et al's, [167] where they explained the blue band emission evolving with 
increasing temperature, as a result of the thermal ionisation of the donor and the 
increase in the carrier concentration in the conduction band. 
To gain insight into the nature of these peaks, the intensity vs. temperature 
plots of control sample and samples etched by N2 and SF6 + N2 are shown as figure 
5.8 . Pl, P2, P3, and P4 stand for peak of 3.08 eV, 3.17 eV, 3.28 eV and D0X 
respectively. 
For the control sample, the peak intensity of3.17 eV is comparable to that of 
peaks 3.28 eV and 3.08 eV, as shown in figure 5.7a and 5.8a. After N2 etching, the 
peak intensity of D0 X and 3.17 e V decrease dramatically, see figures 5.1, 5. 7 b and 
5.8b. This observation indicates a possible transfer of intensity from D0 X and peak 
3.17 eV to peaks 3.28 eV and 3.08 eV after etching. This could be explained as etch 
induced defects form efficient radiative recombination centres or paths, which has 
the energy states of 3.28 eV and 3.08 eV. This implies that peaks 3.08 eV and 3.28 
eV are related toN concentration in GaN. This analysis confirms the previous result 
that peak of 3.08 eV is related toN vacancy. In addition, the Pl increases intensity 
faster than the P2 and P3 and reaches the highest intensity earlier than the others. 
This suggests that Pl has different chemical nature ofthe other 2 peaks. 
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Figure 5. 8 The intensity vs temperature plot of the four peaks, 3.08 eV (Pl), 3.17 
eV (P2), P3 for 3.28 eV (P3) and D0X (P4) of a) control, b) N2 etched sample and c) 
SF6 + N2 etched sample. 
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After SF6 + N2 etching~ the P1 and P3 remain comparable in intensity and its 
temperature dependence behaviour. While D0X and the P2 have dramatically 
decreased, see figure 5.1, 5.7 c and 5.8c. The difference effects on these peaks by 
different etching gases are obvious. These also show that these three peaks P1, P2 
and P3 are separate defects related. 
5.3.7 Annealing effects on spectra 
To investigate further the processing effect on GaN, the luminescence of the 
D0X peak is compared between the N2 etched sample and a control sample annealed 
at 1000 K for 1 hour in Nz ambient. The spectra obtained for the sample before and 
after the annealing, are shown in figure 5.9. The dominant peak of 3.445 eV can be 
associated with the D0X emission. It is apparent that the D0X intensity has decreased, 
both after Nz etching (figure 5.1a) and annealing in Nz environment (figure 5.9). 
Gaussian deconvolution of the control sample of PL reveals the neutral 
acceptor-bound exciton emission (A0X) [155] at 3.439 eV. The intensity of both D0X 
and A 0X are reduced by approximately 50% for the annealed sample. This allows 
the free A-exciton to be revealed at 3.453 eV. However, Orton et al reported that 
annealing in N2 atmosphere activates the acceptors [10]. The authors attribute the 
acceptor to Ga vacancies. While Bruno et al [167] reported that substituting for Ga 
sites and being donors are possible elements from fouth group of the periodic table: 
C, Si, Ge, etc. Carbon is believed to act asan acceptor, and some experiments indeed 
provide evidence for p-type conduction due to Carbon [171]. 
Note that the reduction in D0X intensity as a result of annealing is a different 
mechanism compared to that of etching. In the etched samples, D0X decreased by a 
similar factor but in no case there was an indication of the free exciton to appear. 
Thus for this series of samples, etching appears to inhibit near band-gap 
luminescence in general while annealing in nitrogen reduces emission intensity of 
both the emission intensity of the acceptor and donor-bound defect states. 
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Figure 5. 9 Photoluminescence spectra at 20K of control sample before and after 
annealing in N2 atmosphere. After annealing, the intensity of both D0X and A0X are 
reduced by approximately 50% for the annealed sample. This allows the free A-
exciton to be revealed at 3.453 eV. 
5.4 Summary 
In conclusion, we have used photoluminescence and photoconductivity to study 
epilayers of GaN on SiC substrates that have been etched with RIE plasma of Ar, N2, 
SF6 and mixed SF6+N2 gases. The photoluminescence spectra are dominated by the 
neutral-donor-bound D0X emission, while the photoconductivity bands are 
determined to be intrinsic free-exciton features. 
Chapter 5 Effects of RIB Etch Induced Damage on the Optical Properties of GaN 103 
Reactive ion etching reduces the photoluminescence (PL) intensity of GaN 
films grown on SiC substrates. Ar and SF6 +N2 plasmas are found to cause the least 
optical damage compared with SF6 and N2 plasmas. The role of ion bombardment 
does not play an important role in creating optical etch-induced damage in GaN. 
There is evidence of nitrogen incorporation on the GaN surfaces exposed to N-
containing plasmas. Comparison of the PL analysis of the etched and annealed GaN 
sample indicates that annealing in Nz reduces the emission intensity of the acceptor 
and donor-bound defect states while etching inhibits the near band-gap luminescence 
in general. 
No saturation effect has been observed with various incident laser power 
experiments in both control and etched sample. 
The blue band emission has been investigated. The peaks 3.28 eV, 3.17 eV, 3. 
17 eV, are more like separate defects related. The peak 3.08 eV is possibly related to 
Nvacancy. 
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Chapter 6 
Etch Mechanism in the ICP Etching of GaN in Fluorine 
and Chlorine Plasmas • 
6.1. Introduction 
The applications [2, 172, 173] of GaN and related material and the reasons [54, 
174,175] for using dry etching have been reported in chapter 1. Reactive Ion etching 
(RIE) of GaN has been widely investigated [176]. A range of gases, such as SF6 + 
N2, SiC4, CCbF2, and BCb have been used [177]. In all RIB plasmas, high ion 
bombardment is required to break the III-N bond and to promote desorption of etch 
products from the surface. As a consequence, etch rates are relatively low, with the 
fastest etch rate obtained in chorine-based plasmas. Furthermore, ion bombardment 
may create defects that degrade electrical and optical properties of the material [32, 
44, 47, 129, 177]. High-density plasmas (HDP) are generally considered as a major 
improvement for GaN device fabrication [6, 70]. HDP processing yields a high 
reactive species content with independent control of the ion energy. Among HDP, 
the inductively coupled plasma (ICP) approach has been most commonly used for 
the etching of GaN. High etch rate and anisotropic profiles have been reported with 
ICP [58] compared to RIE. However, Zhang et al [177] found ICP Ch + Ar 
discharges to degrade the performance of GaN Schottky diodes notwithstanding the 
ion energy control. 
Chapters 3 and 4 show that a SF6 + N2 RIE plasma did not degrade the diode 
properties, while the etch rate is slow in RIB. Therefore, it would be interesting and 
essential to study the ICP etching of GaN in SF6 + N2 and its effects on GaN 
• The fluorine plasma information in this chapter has been presented in published paper "Dry etch-
induced damage in an inductively coupled plasma" J. Vac. Sci. Technol. B Nov./Dec. 2001. 
Chlorine plasma information has been included into a draft of "ICP chlorine plasma etching of GaN 
and etch induced damage characterization" submitting to J. Appl. Phys. 
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properties, for this purpose, it is necessary to understand the etch mechanism first. In 
this chapter, we report an investigation of ICP processing of GaN with SF6 + N2 gas 
mixtures, and a comparison with the etch behaviour in chlorine plasma. The ICP etch 
mechanism has been studied and etch condition has been optimised for fast etch rate, 
vertical profile and smoother surface. 
6.2 Experimental details 
Nominally undoped 3 ~-tm thick GaN and 0.3 ~-tm thick doped (1-5x1017cm-3) GaN, 
both on 0.4 ~-tm AlN buffer on sapphire, are used for the etch mechanism study. All 
films have been grown by metal-organic vapor-phase epitaxy (MOVPE). 
The ICP plasma reactor used is a load-locked Alcatel etch system (METLAB) 
operating at 13.56 MHz. The etch gas is introduced from the top of the reactor. Dry 
etching has been carried out at the following basic conditions. For the fluorine 
plasma, the etching gas composition SF6: N2 = 1 : 1, total flow rate 50 seem, etching 
pressure 5 ~-tbar, substrate temperature 25 °C, ICP source power 1500W, DC bias 200 
V. In the separate series of experiments, the DC bias, source power, gas composition, 
temperature, and pressure have been varied to determine the etch performance (rate 
and profile) under these conditions. In the case of the chlorine plasma: gas 
composition 75% Ar + 25% Ch, total flow rate 100 seem, etching pressure 10 ~-tbar, 
DC bias 300 V, ICP source power 500 W, temperature 25 °C. In separate series of 
experiments, gas composition and DC bias have been varied. 
Energetic ion bombardment control is provided by an independent rf-bias 
(13.56 MHz) ofthe substrate. The substrate temperature is controlled by a substrate 
holder, cooled by liquid nitrogen and equipped with a heating system and helium 
(He) back flow. Note that two ICP etch systems have been employed, for fluorine 
and chlorine plasma respectively. In ICP fluorine plasma system, substrate 
temperature can vary from -150 °C to 30 oc, while in the ICP chlorine plasma 
system, substrate temperature can vary from 0 °C to 220 °C. 
Langmuir probe and optical emission spectroscopy of plasma have been used 
to quantify the ion flux and atomic fluorine radical concentration respectively, the 
latter by actinometry (with Ar) [107, 178]. 
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The etch depth has been measured using stylus equipment (alpha-step). The 
etch profile has been inspected by scanning electron microscopy. 
6.3 Results and discussion 
6.3.1 Influence of de bias on etch rates and ion yield 
The ion yield, defined as the nominal number of GaN species removed per ion, is 
computed from the etch rate and the ion current (appendix C). The ion yield 
provides an objective measurement for the ion-induced etch behavior. It is useful to 
compare the reactive etch gas with a pure sputter gas, as it tells the chemical 
enhancement involved. Ion yield is extremely useful in comparing different reactive 
gases, the different ion densities in various plasmas are normalized in terms of ion 
yield. 
Figure 6.1 a, b show the GaN ion yield and etch rate vs. DC bias in SF 6 + N2 
(1 : 1), and figure 6.2 a, b show GaN ion yield and etch rate vs. DC bias in the Ar 
DC bias(V) 
a 
DC bias(V) 
b 
Figure 6. 1 a) Ion yield and, b) Etch rate vs. DC bias in SF6 + N2 = 1 : 1 plasma. It can 
be seen that the etching of GaN starts at 100 V in the SF6 + N2 plasma. The ion yield 
increases exponentially with ion energy, with the ion yield at 300 V being 3 times 
higher than that at 200 V. Etch conditions see text. 
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plasma, respectively. It can be seen that the etching ofGaN starts at 100 V in the SF6 
+ N2 plasma while in the Ar plasma, etching starts at 150 V. Since only physical 
sputtering occurs in an Ar plasma, this observation suggests that the SF6 + N2 plasma 
has a slight chemical enhancement compared with pure physical sputtering in the Ar 
plasma. Furthermore, in the SF6 + N2 plasma, the ion yield increases exponentially 
with ion energy, with the ion yield at 300 V being 3 times higher than that at 200 V. 
This strongly suggests the etching mechanism in SF6 + N2 contains an ion-induced 
chemical one as the ion energy is increased. 
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Figure 6. 2 a) Ion yield and, b) Etch rate vs. DC bias in Ar plasma. It can be seen that 
the etching of GaN starts at 150 V in the Ar plasma. Since only physical sputtering 
occurs in an Ar plasma, this observation suggests that the SF6 + N2 plasma has a 
slight chemical enhancement compared with pure physical sputtering in the Ar 
plasma. 
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6.3.2 Influence of nitrogen percentage on etch rate and ion yield 
Within the mixture gas SF6 + Nz process, an interactive (enhancement) effect was 
noticed between the two reactants, see figure 6.3a. The (1:1) mixture shows a 
substantially higher yield than the individual components. In an analogy to Si3N4 
etching using CF4 + 0 2 + Nz, an intermediate state where the nitride surface is 
attacked first by N radicals under formation of the molecular N2 could play a role 
[179]. The nitrogen atom from plasma reacts with nitrogen atom from GaN surface 
and form N2• The formed Nz molecule may diffuse to bulk gas, shown in 6.3b, 
leaving Ga atoms with dangling bond on the surface to react with fluorine. 
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Figure 6. 3 a) Ion yield vs. nitrogen percentage in SF6 + N2 plasma. The mixture gas 
produces the highest ion yield compared to the pure N2 and pure SF6• b) Analogy to 
Si3N4 etching in CF4 + Oz + Nz plasma. An intermediate state where the nitride 
surface is attacked first by N radicals under formation of the molecular N2 could play 
a role [179]. The nitrogen atom from plasma reacts with nitrogen atom from GaN 
surface and form N2. The formed Nz molecule may diffuse to bulk gas. 
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a 
b 
Figure 6. 4 a) SEM image of etch profile etched by mixture gas SF6 + N2, a= 73.32 
0
, etching time, 20 minutes, b) By pure SF6, a = 73.56 °, etching time 20minutes. 
Other parameters are kept constant see text. It is obvious the mixture gas produces 
deeper etch depth than pure SF 6 gas, while the etch profiles are identical. 
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Figures 6.4 a, b are GaN etch profiles with different etch depth using pure 
SF6 and mixture gas SF6 + N2 with all other etching conditions the same, total gas 
flow 25 seem, substrate temperature 25 oc, DC bias 200 V and etching time 20 
minutes. It is obvious that the sample etched by the mixture gas has the deeper etch 
depth than that etched by pure SF6. In addition, we noticed that the profiles are 
identical here. a is the angle between the inner sidewall and the substrate of etched 
profile. This result is in contrast to the result we obtained in RIE fluorine plasma 
presented in chapter 3, where the gas mixture of SF6 + N2 (1:1) produces a more 
vertical profile than pure SF6 plasma. This will be explained in section 6.3.6. 
6.3.3 Influence ofiCP source power on etch rate and ion yield 
Figures 6.5 a, b show the GaN etch rate, and ion yield and ion density vs. ICP source 
power. The etch rate increases with ICP source power and reaches the maximum at 
1500 Wand then saturates. The ion yield reaches the maximum value at a low ICP 
source power and decreases as the ICP source power increases after 1000 W. 
The higher ion efficiency at a power level below 1000 W, suggests an 
etching regime that is limited by the supply of ions to desorb the reaction products at 
the surface. At a power level beyond 1000 W, the ion yield starts to decrease with 
increasing the ICP source power. The high ion current density implies a. high 
molecular ionization at high power, while the chemical supply is measured to be 
constant (shown in figure 6.5c). Consequently, the ions are less efficient in removing 
the etch products, compared to the low ICP source power regime. The high ICP 
source power regime, therefore, is a chemical supply limited etch regime. 
The balance regime of physical and chemical components around 1000 W, 
the etch mechanism changes from physical limited one to chemical limited one, is 
highly efficient etch regime. 
It is worth noting that fluorine radical concentration keeps more or less 
constant with ICP source power as shown in figure 6.5c. 
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Figure 6. 5 a) Etch rate, b) Ion yield and ion current density, c) Atomic F pressure vs. 
ICP source power. The etch efficient regime is from 1000 W to 1500 W, where 
physical component and chemical component are balanced. Etch conditions see text. 
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6.3.4 Temperature dependence and activation energy 
The dependence of substrate temperature in the etch behavior gives a better view on 
the underlying thermodynamics. The relationship between etch rate and activation 
energy can be expressed as follows, 
Etch rate= A exp (- I k T) 6.1 
Where A is the temperature dependence constant, Ea is the activation energy ( e V), k 
is the Boltzmann constant and T is the temperature of substrate (K). 
Figure 6.6 shows the Arrhenius plot for the GaN etch rate in the basic SF6 + 
N2 process. An activation energy of0.053 eV is deduced, which is comparable to 34 
me V activation energy of GaN at dopant level of 6 x 1016 ( cm-3) determined by 
Wickenden et al [180]. This is a rather low activation energy compared to 0.55 eV of 
intrinsic silicon activation energy [181]. Since GaN does not etch spontaneously, the 
weak temperature dependence in the etch rate is an integral aspects of the ion-
induced etch product formation. The exact nature of this step is unclear yet. At 
temperatures below - 50 °C, the etch rate is constant and completely dominated by 
physical sputtering. 
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Figure 6. 6 shows the Arrhenius plot forGaN etch rate in the basic SF6 + N2 process. 
An activation energy of 0.053 eV is deduced. This is comparable to 34 meV of GaN 
with dopant level of6 x 1016 (cm-3) determined by Wickenden et al. 
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Figures 6. 7 a, b show the etch profiles obtained at different temperatures. The 
sample imaged in figure 6.7a has been etched for 20 minutes at room temperature, 
and figure 6.7b etched for 45 minutes at -50 °C. The rest of the plasma parameters 
are kept constant, total gas flow rate 25 seem, mixture SF6 : N2 = 1 : 1, DC bias 
200V, pressure 3 ~-tbar. It can be seen that the profiles are identical for lower 
temperature and room temperature. The anisotropic profile confirms the ion-induced 
etching mechanism [182]. 
b 
Figure 6. 7 a) The etch profile produced at room temperature and b) The profile 
produced at - 50 degree. There is a significant change in etch rate at temperatures 
above - 50 °C, and identical profile for different temperature due ion-induced 
etching dominates the plasma. The etch conditions see text. 
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6.3.5 Influence of pressure on etch rate and ion yield 
Figure 6.8 a shows the ion yield and etch rate and figure 6.8 b shows the atomic F 
radical concentration and the ion current density vs. etching pressure (by changing 
the total flow rate). Substrate temperature of 25 °C, gas mixture SF6: N2 = 1 : 1, ICP 
source power 1500 W and DC bias 300 V were kept constant. 
In regime 1, the etch rate and ion yield increase with pressure, ion current density 
decreases sharply, F radical concentration increases with pressure. This observation 
suggests that in this regime ion sputtering is efficiently removing the etch products, 
and etch behaviour is dominated by physical etching. This implies radical flux is the 
limiting factor. The etch rate increases with increasing the chemical supply and 
reaches the highest etch rate of 67 nm/min at 2.9 J.tbar ( Detailed etching conditions 
are total flow rate 25 seem, SF6: N2 = 1 : 1, etching pressure of 2.9 J.tbar, substrate 
temperature of25 °C, ICP source power of 1500 W, de bias of300 V). 
In regime 2, the etch rate and ion current density decrease with pressure. Ion 
yield and fluorine radical concentration keep increasing with pressure. Obviously the 
etch rate gets limited by the amount of ions. This suggests that in this regime, etch 
products start to accumulate on the surface and ions are more and more efficiently 
used. The regime changes from radical-limited to ion-limited. Ion yield reaches the 
maximum at 5 J.tbar. 
In regime 3, the etch rate, ion yield and ion current density, all decrease with 
pressure, while the F radical concentration keeps increasing. Over-supplying 
chemical radicals and further decreasing ion current density slows down the etch 
rate. Etch products accumulate on the surface and poison the surface. More portions 
of ions sputter the etch products instead of etching the GaN. Apparently, this is 
physical limited regime. 
In regime 4, etch rate, ion yield and ion current density are no long varying 
with pressure. F radical concentration is increasing with pressure. In regime 3 and 
regime 4, the very possible explanation is that the surface has been covered with an 
excess of etch products. Thus, the desorption by ion impact becomes the etch rate 
limiting step. The constant ion current density produces a constant etch rate and ion 
yield. Obviously, this is a physical limited regime. 
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Figure 6. 8 a) shows the ion yield and etch rate, and b) F radical concentration and 
ion current density vs. etching pressure (by changing the total flow rate). From 
regime 1 to 2, the etch process turns from chemical limited, to a physical limited. 
Regime 3 and 4 are physical limited. Etch conditions, substrate temperature of 25 °C, 
gas mixture SF6 : N2 = 1:1, ICP source power 1500 Wand DC bias 300 V have been 
kept constant. 
The above results and discussion show that the highest etch rate is achieved 
when the surface coverage with etch products is kept at a minimum, and at the same 
time there should be a sufficient supply of reactive species to the surface. 
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6.3.6 Comparison of fluorine plasma etch mechanism in RIE and ICP 
In chapter 3, RIB etching results show that the etch rate increases and etch profile 
gets more vertical with increasing %N2 in the :flu01ine mixture gas. See figure 3.3a. 
The etch profiles produced by ICP of pure SF6 plasma and SF6 + N2 plasma are of a 
more vertical nature and are almost identical, as shown in figures 6.4 a ,b. 
The possible reason is that lower ion current density in RIB limits the 
desorption step, while ICP has no desorption problem due to the relative higher 
density of ions, sputtering away the material more efficiently. The principle of 
redeposition causes tapered sidewall will be presented in figure 6.9. 
redeposit 
mask 
Etching layer 
Substrate 
a b 
c d 
Figure 6. 9 Limitation of dry physical etching, redeposition of materials sputtered 
from the bottom of trench, forms facet or round comer at mask edge. a, b, c and dare 
the sequence of process. 
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Ion etching or physical etching does not lead to undercutting of mask, but the 
walls of an etched cut are not necessarily vertical. A variety of factors can contribute 
to this loss of fidelity in pattern transfer. Loss of dimension is either caused by non-
volatile sputtering products (redeposition) or by special ion-surface interactions. 
Figure 6.9 [95] shows one of the physical sputtering limitations: redeposition of non-
volatile products on a step edge. The redeposition involves sputtered non-volatile 
species from the etched surface settling on the sidewalls of the mask and trench. The 
phenomenon manifests itself mainly on sloped sidewalls. Figure 6.10 is a SEM 
image,. showing the redeposition products after removal of an etched GaN wire 
(etched in Ar + Ch). 
Physical etching or sputtering is non-selective etching because large ion 
energies compared to the differences in surface bond energies and chemical 
reactivities, are involved in ejecting substrate material. In general, this method is 
slow, compared to other dry etching methods, with etch rates limited to several 
hundreds of angstroms per minute, compared to thousands of angstroms per minute 
and higher for chemical and ion assisted etching. 
Figure 6. 10 SEM image of redeposition after removal of an etched GaN wire (etched 
in Ar + Ch). Redeposition forms sloped sidewall. 
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The RIE etching of GaN in fluorine plasma shows slow etch rate 
13.3nm/min, sloped sidewalls and rounder comers, compared to ICP etching with a 
fast etch rate of 67 nm/min, better vertical nature of sidewall in fluorine plasma. 
Look again at the differences between RIE and ICP in chapter 2. ICP (actually all 
high density plasma) can dissociate molecules more efficiently. ICP has more 
reactive species and a higher ion density. The common ions in SF6 plasma are SF;, 
SF; , SF+, S +and F + . General rule is that the higher the source power, the smaller 
the molecular fragments [183]. For example, Malyshev et al reported that chlorine 
plasma has mainly Cl +ion in ICP and mainly Cl; ion in RIE [184]. Therefore, more 
F radicals are expected in SF6 ICP than in SF6 RIB plasma. Obviously, F radical is 
much more chemically reactive towards GaN than molecular SF6 under the same 
conditions. 
All of these aspects suggest both of RIB and ICP fluorine plasma in etching 
GaN are ion - induced etching, while ICP has a larger chemical enhancement. This 
analysis agrees with the observation in 6.3.1. 
6.3.7 ICP chlorine plasma etching GaN 
To compare chlorine etching with fluorine etching, ICP etching of GaN has been 
carried out in a Ar + Ch plasma. Figures 6.11 a, b show etch rate and ion current 
density vs. Ch percentage, keeping other plasma parameters constant. Ion current 
density decreases initially very sharply with increasing Ch content, and then slowly 
decreases to saturation. We obtained the fastest etch rate at gas composition of 75% 
Ar + 25% Ch. This observation can be explained by a chemical and physical balance 
point of view. In low C}z percentage regime, figure 6.1lb shows high ion current 
density. Physical sputtering is sufficient to remove etch products. This suggests a 
chemical limited mechanism in the lower C}z percentage regime. After the balance 
point of 25% Ch, the chemical portion starts to dominate, while the ion current 
density still decreases. It indicates a physical limited regime. Another small bump in 
etch rate at around 75% C}z percentage is unclear. 
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Figure 6. 11 a) Etch rate and b) Ion current density vs. Clz percentage. At 75% Ar + 
25% Ch reaches the fastest etch rate, due to balance chemical and physical 
components. 
Figures 6.12 a, b show etch rate and ion current density vs. DC bias in 75% 
Ar + 25% Ch gas composition. The etch rate increases fast with DC bias in the low 
DC bias range, and more slowly in the high DC bias regime. This observation is in 
contrast to that observed in fluorine plasma. Ion current density is increasing slowly 
with DC bias with DC bias above 100 V. The conclusion can be made that chlorine 
plasma etching of GaN is ion-induced. 
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Figure 6. 12 a) Etch rate, b) Ion current density vs. DC bias in Clz + Ar plasma 
etching GaN. The etch rate increases with DC bias fast at low DC bias, and slowly in 
the high DC bias regime. Ion current density keeps increasing with DC bias. Etch 
conditions see text. 
The fastest etch rate is 314 nm/min, which was obtained in chlorine plasma 
with the following etch conditions: substrate temperature of 25 °C, the total flow rate 
of 100 seem, etching pressure 10 ~-tbar, de bias of 450 V. The etch rate is about a 
factor of 5 more of that in fluorine plasma. Figure 6.13 shows the SEM image of the 
etch profile obtained with the particular etch conditions. The anisotropic profile 
confirms the ion induced etching mechanism 
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Figure 6. 13 SEM image of etch profile obtained at the fastest etch rate of specified 
etching condition. An almost vertical profile can be seen. The etch conditions see 
text. 
Investigation of the impact of BCb on the etching GaN has been carried out. 
A small amount of BCb added to Cb can increase the etch rate significantly in 
etching magnetic material [185] and GaAs [186]. 10 seem ofBCb has been added to 
a 90 seem flow of Cb to compare with 100% of Cb plasma etching GaN while all 
other parameters are kept the same. The etch rate has increased by about 10% in the 
BCb/Clz mixture gas. Pearton and Shul et al [187] attributes this increase to a higher 
ion mass species to promote the desorption of etch products more efficiently, so that 
the etch rate increases. In an identical electrical field, the bigger ion mass has larger 
ion energy, which could enhance the physical sputtering. 
An alternative explanation is that BCl; is very reactive and powerful in 
etching. For example, BCh I Cb is essential to etch Al. Without BCb (BCl; ), Ch is 
unable to etch Al. 
However, in etching magnetic materials, BCb has a different impact. There is 
nothing to do with high ion mass [185]. 
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6.3.8 Comparison of the etch mechanism of the fluorine plasma with 
chlorine plasma in etching GaN 
To gain insight into the general rules, the etching mechanisms of fluorine plasma and 
chlorine plasma have been compared. 
The most useful plasma etching IS neither pure physical nor entirely 
chemical. By employing the synergy of physical and chemical components, the 
shortcomings of both sputter-based low etch rate, and purely chemical isotropic dry 
etching, can be surmounted. 
In physical-chemical techniques, ions may enhance etching by the following. 
Ion bombardment [188] induces a reaction by making the surface more reactive for 
the neutral plasma species, for example, by creating surface damage. Ions may clean 
the surface of film-forming reaction products, allowing etching with reactive neutrals 
to proceed on the cleaned area. Finally, ion may supply the energy to drive surface 
reactions. Defining which step primarily causes enhanced etching is often hard to 
determine. 
In the particular cases in this study both fluorine plasma and chlorine plasma 
etching of GaN, contain physical and chemical components. The chlorine plasma 
achieves a much faster etch rate (a factor of 5), compared to the fluorine plasma. 
The possibilities for chlorine plasma having faster etch rate compared to 
fluorine plasma, are that etch product GaClx in chlorine plasma is more volatile than 
fluorine plasma etch product GaFx [189]. This implies that chemical enhancement in 
fluorine based plasma is less than in a chlorine based plasma. 
6.4 Summary 
ICP etching of GaN in a SF6 + N2 plasma is found to be dominated by an ion-induced 
mechanism. The most efficient etch regime is observed for ICP source power at 
range of 1000 W to 1500 W, where the etch mechanism is ion-limited. The fastest 
etch rate of 67 nm/min has been achieved at etching conditions of a total flow rate of 
25 seem, SF6 : N2 = 1 : 1, etching pressure of 2.9 ~-tbar, substrate temperature of 25 
°C, ICP source power of 1500 W, de bias of 300 V. 
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Comparison of RIE and ICP fluorine etching of GaN, shows both RIE and 
ICP fluorine etching of GaN are ion-induced, with ICP displaying much more 
chemical enhancement. 
In the 75% Ar + 25% Clz ICP plasma, the etching mechanism is ion induced. 
The best gas composition to gain a fast etch rate in the Ar + Clz mixture is 75% Ar + 
25% Clz, The fastest etch rate in the Ar + Clz plasma is 314 run/min, with etching 
conditions of a total flow rate of 100 seem, etching pressure of 10 ~-tbar, substrate 
temperature of 25 oc, ICP source power of 500 W and DC bias of 450 V. 
Chlorine plasma has a five fold faster etch rate, compared to fluorine plasma, 
probably because of more volatile etch product GaCb compared to GaFx. 
125 
Chapter 7 
ICP Etch Induced Damage Effect on Diode Properties of 
GaN· 
7.1 Introduction 
Dry etch techniques have been employed for GaN device fabrication due to its 
chemical inertness of material and minimization of device size. We have 
systemically studied conventional RIE fluorine plasma etching GaN [32, 190] and its 
effect on electrical [ 4 7] and optical properties [ 48]. The RIE fluorine plasma has 
relatively slow etch rate, 13.3 nm/min, and round comers at the edge of mask. RIE 
etching reduces PL intensity dramatically, while the gas mixture of SF6 + N2 etching 
improves the electrical diode properties. High density plasma, especially inductively 
coupled plasma (ICP) has been recommended for etching GaN due to high reactive 
species content and high ion current density at controllable ion energy. Huge efforts 
have been devoted to develop ICP etching of GaN. We have studied the etch 
mechanism of ICP processing of GaN and optimized the etch conditions for fast etch 
rates, 67 nm/min in fluorine plasma and 314 nm/min in chlorine plasma, high 
selectivity, Cr : GaN = 1 : 5 in chlorine plasma, NiCr : GaN = 1 : 5, and an almost 
vertical profile [191]. 
Industrial application demands fast etch rate, vertical profile and smooth 
surface etc. However, structural optimization is not sufficient in device fabrication. 
The given etch conditions may deteriorate device optical [ 44] and electrical 
• The fluorine information in this chapter has been presented in published paper "Dry etch-induced 
damage in an inductively coupled plasma" J. Vac. Sci. Techno!. B Nov./Dec. 2001. 
Chlorine information has been included into a draft of "ICP chlorine plasma etching of GaN and etch 
induced damage characterization" submitting to J. Appl. Phys. 
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properties [129], for instance, chemical reaction, ion bombardment, ion implantation 
and redeposition may form a damage layer. Chemical reaction is possibly polluting 
the surface. Chemical reaction products and redeposition will give rise to a large 
depletion layer. Ion bombardment may induce new surface states and defects may 
diffuse into the bulle. Specially ion implantation raises bulk effects by means of 
channeling and radiation enhanced diffusion. A large depletion region is generally 
related to electrical properties, while surface states and bulk properties are more 
related to optical properties. The techniques used to monitor etch damage have been 
discussed in detail in chapter one. 
Thus, the research on ICP processing induced damage is highly essential. In 
this chapter, the fluorine plasma and chlorine plasma effect on diode and 
photoluminescence properties will be presented. To unravel the underlying 
mechanism, XPS and AFM have been employed to analyze surface atomic 
concentrations and surface roughness respectively 
7.2 Experimental details 
The material used here is nominally un-doped 0.5 micron thick GaN on highly doped 
SiC for the electrical and optical characterization work. All the materials used here 
have been grown by metal-organic vapor-phase epitaxy (MOVPE). 
The ICP plasma reactor used in this study is a load-locked Alcatel etch 
system (MET Lab), which has been described in sections 2.1.3 and 6.2. 
Plasma etching is carried out with the following basic conditions. 
Fluorine plasma: gas composition of SF6: N2 = 1 : 1, total flow rate of 100 
seem, etching pressure of 10 J.Lbar, substrate temperature of 25 °C, ICP source power 
of 1500 W. Then the de bias has been varied. 
Chlorine plasma: gas composition of 75% Ar + 25% Cb, total flow rate of 
100 seem, etching pressure of 10 J.Lbar, substrate temperature of 25 °C, ICP source 
power of 500 W. Then de bias has been varied. At de bias 300 V, gas composition 
has been varied. 
The surface roughness has been measured by atomic force miCroscopy 
(AFM; Autoprobe M5 from Park instruments has been described in section 2.3.2). 
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An average area of 80 !J.m x 80 !J.m has been selected for sampling. Analysis of the 
chemical composition of the dry etched surface is achieved with X -ray photoelectron 
spectroscopy (XPS has been described in section 5.2) using unmonochromated Mg 
Ka radiation for detecting Ga (3s) F(ls) and N(ls) information. The detail about 
XPS set up has been described in section 2.6. The special sample preparation 
procedures carried out in order to avoid sample deterioration by the ambient have 
been described elsewhere [121]. 
7.3 Electrical diode characterization and discussions 
7.3 .1 Diodes characterization of ICP fluorine plasma exposed GaN 
Diodes fabricated on dry etched GaN surface are a good monitor for the plasma-
induced surface damage as manifested by the Schottky barrier height and the ideality 
factor extracted from the 1-V behavior. Figure 7.1 shows the variation of barrier 
height (a) and ideality factor (b) with de bias ofthe fluorine ICP plasma, the dashed 
lines correspond to diode results from the unetched material. Compared to the diode 
characteristics from unetched surface, the barrier height decreases and the ideality 
factor increases with increasing de bias until 100 V. With further increasing de bias, 
the barrier height increases and correspondingly the ideality factor gets closer to 1, 
both optimums at the maximum bias of 300 V for the measured range. 
A possible explanation is given by the ion yield behavior vs. de bias in figure 
6.1. Up to a de bias of 100 V, no etching takes place, only chemical reactions exist at 
the surface. A thick reaction layer is possibly formed on the semiconductor surface 
without appropriate removal of the etch products. Note that GaFx species are 
relatively involatile. At de bias beyond 100 V, the etch products are increasingly 
being removed, leaving a cleaner surface with less defects. This has been evidenced 
by XPS measurement and will be presented in section 7.4.1. 
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Figure 7. 1 a) Barrier height, b) Ideality factor and vs. de bias in SF6 : N2 = 1 : 1, ICP 
plasma, total gas flow 100 seem, substrate temperature 25 °C, ICP source power 
1500W, etching pressure 10 Jlbar and etching time 1 minute. Higher DC bias etching 
improves diode properties. Dashed lines refer to unetched sample. 
As a consequence, the damage goes to a minimum at 300 V. Apparently, the 
ion impact at higher de bias does not create additional defects in the GaN bulk. This 
damage behavior vs. ion energy sharply contrasts with the general finding in 
numerous RIE and ion beam studies, where etch-induced damage increases with ion 
energy. 
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7.3.2 ICP chlorine plasma effects on diode properties 
To verify chlorine plasma etch-induced damage effect on GaN electrical properties, 
electrical characterization of chlorine plasma pre-exposed GaN has been carried out. 
Figures 7.2 a, b show barrier height and ideality factor vs. de bias in 75% Ar + 25% 
chlorine plasma. All the etched GaN samples have a larger ideality factor and a lower 
barrier height, compared to the control sample. This observation is in contrast to that 
of a gas mixture of SF6 + N2, where etching at higher de bias improves the diode 
properties to ideal. 
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Figure 7. 2 a) Barrier height and, b) Ideality factor vs. de bias in 25% Ch + 75% Ar 
ICP plasma, substrate temperature 25 °C, etching time 1 minute, 500 W ICP source 
power and 100 seem total flow rate and 10 J.tbar etching pressure. Higher DC bias 
etching deteriorates diode properties. Dashed lines refer to unetched sample. 
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This can be explained as following, chemical pollution on the surface is 
possibly the reason for the observed damage. The ideality factor increases with 
increasing de bias first and saturates afterwards. Barrier height decreases with 
increasing de bias and saturates afterwards. This result is also different from that 
observed in fluorine plasma. However, the chlorine plasma result is consistent with 
Zhang et al [177], who has reported that ICP Cb + Ar plasma reduced diodes reverse 
breakdown voltage and Schottky barrier height and that all the plasma conditions 
were found to produce a nitrogen- deficient surface. 
Figure 7.3 shows the diode electrical properties, a) barrier height, and b) 
ideality factor vs. %Clz in Ar + Cb plasma. The other plasma parameters have been 
kept constant. Pure Clz plasma yields the highest ideality factor and the lowest barrier 
height, compared to plasma from pure Ar and Ar I Clz mixture gas. 
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Figure 7. 3 a) Barrier height, b) Ideality factor vs. Clz percentage in Ar + Cbplasma. 
Etch conditions see text. Chlorine based plasma etching deteriorates diode properties. 
Pure chlorine plasma deteriorates the diode properties the most. Dashed lines refer to 
unetched sample. 
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From physical plasma point of the view, higher ion mass could possess a 
higher energy in the identical electrical and/or magnetic field. Higher energy could 
induce more physical damage. Malyshv et al has reported [184] that the main 
positive ion in ICP chlorine plasma is Cl+, instead of Cl; in RIB chlorine plasma. It 
is known that Ar+ is the main positive ion in Ar plasma. The ion masses of Ar+ and 
Cl+ are very close. Figure 7.3 shows that the chlorine plasma induces a stronger 
deterioration of the diode properties than an Ar plasma and a mixture of Ar + Cb 
plasma. This indicates that ion mass does not play the main role in creating electrical 
damage during ion bombardment. 
In previous chapter, figure 6. 7b shows that Ar plasma has much larger ion 
current density than pure chlorine plasma under the same plasma conditions, so 
physical aspect, like ion bombardment in an Ar plasma is much more intense than in 
a chlorine plasma. Nevertheless, the effects of etch induced damage on diode 
properties from chlorine plasma are much larger than that from an Ar plasma, as 
shown in figure 7.3. This suggests that intense of the bombardment does not play an 
important role in creating electrical damage. However the ion energy does, see figure 
7 .2, the degradation of diode properties gets larger with increasing DC bias. 
From chemical point of view, Ar is an inert gas, its etch mechanism is pure 
physical sputtering. While chlorine based plasma has a strong chemical 
enhancement. Cl - containing etch products, see table 7 .2, are present on the GaN 
surface. This explains that the chlorine based plasma deteriorates the electrical 
properties. 
All these aspects of consideration and analysis indicate that chemical aspects 
of in ICP chlorine etching as well as ion energy, determine the electrical damage. 
7.4 Surface analysis result and discussion 
7 .4.1 XPS surface composition analysis 
The role of the surface condition in the diode behavior vs. de bias is supported by X-
ray photoelectron spectroscopy (XPS) on dry etched surface. Table 7.1 shows the 
atomic concentration ratios for F (1s) I Ga (3s) and N (1s) I Ga (3s). 
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Table 7. 1 X-ray photoelectron spectroscopy analysis results of GaN surface pre-
exposure to SF6 : N2 = 1 : 1, with total flow rate 100 seem, substrate temperature 25 
°C, ICP source power 1500 Wand etching pressure 10 ~-tbar by Mg radiation. 
samples F1s/Ga3s Nls/Ga3s 
control 0.12 
100 etched 0.88 0.11 
300 etched 0.58 0.15 
It is clear that the F/Ga ratio drops by 40% in switching from 100 V to 300 V 
bias, which is indicative for the significant removal of etch products at the higher 
bias condition. An additional trend observed from XPS is that the SF6 + N2 plasma 
induces an increase in nitrogen enrichment with de bias. A 25% increase of the N/Ga 
ratio is observed at 300V compared to the control sample. It appears that N is 
incorporated into the GaN surface without creating apparent electrical damage. It is 
worth noting that a recovery of the GaN surface condition is observed using a N2 
plasma post-treatment [63]. 
The GaN surface composition after chlorine plasma etching has also been 
investigated by XPS. Very strong chlorine peaks have been detected on the samples 
etched by chlorine plasma as shown in figure 7 .4. 
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Figure 7. 4 XPS spectrum ofGaN surface etched by 75% Ar + 25% Clz. The strong 
Cl peaks have been detected on the surfaces after chlorine based plasma etching. 
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The Cl radicals could be implanted into GaN surface during etching since 
higher reactivity of Cl towards GaN (compared to F) and the volatile reaction 
product GaCh keeping the surface exposure to plasma. 
The table 7.2, listing the Cl2p/Ga3s ratios, shows the Ga deficiency after 
chlorine plasma etching because Cl is preferential to react with Ga, form volatile etch 
product GaCh and thus results N enrichment on the GaN after chlorine plasma 
etching. This is different from N incorporation into GaN after SF 6 + N2 plasma 
etching mentioned previous. The outcome ofN enrichment is the same after chlorine 
and SF6 + N2 etching. One would expect the similar effects from N enrichment on 
diode properties 
All these results indicate that chlorine species incorporated into the surface is 
the main factor causes electrical diode damage. 
Table 7. 2 X-ray photoelectron spectroscopy analysis of GaN surface composition of 
the sample without and with pre-exposure to chlorine plasmas. 
samples Cl2p/ Ga3s N1s/Ga3s 
control 0.14 
Ar 0.13 
75%Ar+25%Clz 0.54 0.21 
Ch 0.48 0.20 
7 .4.2 Surface morphology analysis 
AFM measurements of fluorine plasma etched samples are listed in table 7.3. The 
root mean square roughness (rms) of the sample that are etched at 300 Vis smaller 
than that etched at 100 V. The relative value of peak to valley (r p-v) of the sample 
etched at 300 V is smaller than that of etched at 100 V. Thus, etching at 300 V 
creates smoother surfaces as manifested by smaller rms and lower r p-v value. This 
reflects as a higher barrier height and smaller ideality factor in electrical diodes 
properties compared to those etched at 100 V and 200 V. 
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It is also noticed that the control sample displays a bigger ideality factor and a 
lower barrier height than that of the surface etched at 300 V. This could be explained 
by the r p-v value, in table 1, of the control sample, which is much larger than that of 
the surface etched at 300 V. The rough surface of as grown material has been 
explained in chapter 4, due to deficiency of nitrogen on surface. The spikes may 
cause Schottky diodes break down because of high electrical field at certain applied 
voltage. 
Table 7. 3 Atomic force microscopy analysis of GaN surface without and with pre-
exposure to fluorine plasma at de bias100 V and 300 V. 
sample rms(A) r p- v (A) 
control 158 2400 
100 298 1720 
300 164 1080 
Figures 7.5 a, b are the SEM images of GaN surface with grating lines after 
fluorine plasma etching and plain surface after chlorine plasma etching respectively. 
a b 
Figure 7. 5 SEM images of GaN surfaces with pre-exposure to a) SF6 + N2 plasma, b) 
Ar + Ch plasma. Hardly find trenches on the surface after fluorine plasma etching, 
while there are many trenches on the surface after chlorine plasma etching. 
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The surprising difference between chlorine plasma and F plasma treatment is 
that there are many line dislocations shown on the surface after chlorine plasma 
etching. This indicates that chlorine is much more reactive than fluorine in etching 
GaN. Most of the dislocations are obviously more reactive, and thus are easily 
etched. As a consequence, electrical properties could be deteriorated by creating 
trenches after etching, if the dislocations intersect the electrical devices. 
7.5 Comparison of the studied plasmas regarding the etch induced 
damage on diode properties 
In general, dry etching introduces damage, which deteriorates electrical properties of 
an ideal material. Because dry etching 1) builds up a reaction layer (chemical 
damage) on the surface, 2) induces defects and elemental deficiency by ion 
bombardment, 3) implants ions, 4) drive in the defects by radiation and diffusion, 
and 5) roughens the surface by redeposition. However, the exact nature of these 
created defects are still unknown, the defects in the material give rise to electrical 
acti~e states in the band gap and change the electrical properties. For example, 
etched surface produces a larger leakage current, which results in a better ohmic 
contact. However, the diode properties will be deteriorated by the same effect. 
In our study of high ion energy SF6 + N2 plasma etching, improvement of 
electrical diode properties has been observed. The main reason is that the as grown 
GaN we used is a non-ideal material. For examples, N deficiency surface 
composition and bad surface roughness deteriorate the electrical properties. Thus, 
any treatment (including dry etching) improves electrical properties if it modifies the 
material to a better surface stoichiometry and surface roughness. 
In the case ofthe SF6 + N2 plasma with high ion energy, F radicals preferably 
react with Ga atoms, and N atoms from plasma are incorporated into the surface. 
These alter the etched surface composition, which improve the surface stoichiometry. 
At the mean time, high energy ions remove the spikes on the surface, resulting in a 
smoother surface. Also they remove the reaction layer more efficiently [192], 
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resulting in a cleaner surface. Thus explains the observed improvements in electrical 
properties with high ion energy etching in SF 6 + N2 plasma. 
In chapter 4, the RIE fluorine plasma pre-exposure effects on electrical diode 
properties have been presented. In the RIE case, purely physical sputtering (argon 
plasma) seems to degrade electrical diode properties as well as 100% SF6. While a 
mixture of chemical and physical components, for instance, the gas mixture of SF6 + 
N2, would improve the diode properties. 
In a ICP fluorine based plasma, the gas mixture of SF6 +N2 plasma effects on 
diode properties has been investigated. The interesting result is that the mixture gas 
improves the diode properties towards ideal in the higher ion energy regime (de 
bias). This is due to chemical healing by N incorporation and energy dissipation to 
reaction product. At lower ion energy such as 100 V of de bias, diode property 
characterization shows the onset of chemical etching, resulting in degradation of the 
electrical properties. This indicates that chemical component determine the diode 
properties in fluorine based plasma. 
In the case of chlorine based plasma etching of GaN, the gas mixture of 75% 
Ar + 25% C}z shows that diode properties get more deteriorated when ion energy 
increases first and saturates afterwards. This indicates that higher ion energy may 
cause more electrical damage. Additionally it is observed that the chemical 
component has a large influence in deteriorating the diode properties as is in the 
fluorine based plasma 
The main difference between ICP chlorine based plasma and fluorine based 
plasma in etching of GaN is that reaction products GaCb is more volatile that GaFx. 
It is reasonable to assume that a ICP chlorine-based plasma results in an thinner 
reaction layer on the etched surface, compared to the surface after fluorine based 
plasma etching due to redeposition of GaFx. Thus, the ion energies in chlorine 
plasma will be possibly directly transferred to the substrate, while in fluorine based 
plasma, the ion energies may dissipate to the reaction products. 
The above comparison and discussions show that a mixture of SF6 + Nz could 
be a possible candidate for production of electronic devices, such as transistors 
fabrication. It should be mentioned that we have not investigated the etch effect on 
the mobility. Mobility is an important parameter of electrical properties. 
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7.6 Limitation of diode characterization technique 
To monitor etch induced damage on top surface, diode characterization has been 
employed to probe electrical properties. To correlate electrical and optical 
measurement to etch induced damage, surface composition analysis by XPS is 
essential, as we have discussed in chapter 2. The information from electrical and 
surface analysis has had a great deal to optimize etch condition and address etch 
induced damage of GaN. 
However, these techniques have limitations. It is essential to discuss the 
limitation for better understanding and analyzing the etch induced damage or defects. 
Diode characterization can fully reflect the defects, because current pass 
through the whole thickness of GaN, in the case of highly doped SiC substrate and 
nominally undoped GaN film. Etch induced defects may shrinks the depletion region 
and cause tunneling to occur. This reflects as low contact resistance and barrier 
height in diode properties. This method is not able to tell the difference between the 
presence of a shallow layer of defects limited to top 1 nm and a deep layer of defects 
propagated to 100 nm in depth. Therefore, the information from diode 
characterization has surface and bulk effect, without indicating the thickness of 
damage layer. 
XPS only detects top few nm information. So, the information form XPS only 
represent the surface effect, not bulk. When one correlates the surface composition 
result by XPS to PL and/or diode results, it is worthwhile to be careful of these 
limitations. 
7.7 Summary 
High ion energy in SF6+N2 ICP processing improves the electrical diode properties as 
almost ideal diode characteristics are obtained at a de bias of 300V. The diode 
improvement is a result of the combination of smoothening the surface, the removal 
of surface contamination and the incorporation of N in the GaN surface. In contrast, 
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Ar + Ch plasma treatment deteriorates diodes electrical properties due to chemical 
pollution and high ion energy dissipation on the surface. 
Chemical aspect determines the electrical damage in ICP fluorine plasma 
etching. Chemical pollution and ion energy play an important role in creating 
electrical damage in ICP chlorine plasma etching. 
A SF6 + N2 ICP plasma could be an option for fabrication of devices of 
electrical sensitive properties, such as gate recessed transistors. Additional, these 
plasmas produce reasonable etch rate, smooth surface and good profile. However, it 
should be subject to mobility investigation. 
Diode characterization reflects the information from whole thickness of GaN 
film. The limitation of diode characterization is ignoring the distribution of defect 
depth and XPS only detects top nm surface. 
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Chapter 8 
ICP Etch Induced Damage Effect on Optical Properties 
ofGaN· 
8.1 Introduction 
The effects of ICP processing of GaN using SF6 + N2 and C}z + Ar gases on 
electrical diode properties have been investigated in chapter 7 and found that SF 6 + 
N2 is suitable for electrical device fabrication with reasonable etch rate and vertical 
profile. To find suitable etching condition for optical device fabrication, the effects 
of fluorine and chlorine plasmas on photoluminescence have been undertaken. In this 
chapter, PL spectra of GaN grown on SiC before and after SF6 + N2 and Ar + C}z 
etching will be compared and discussed regarding near band gap PL intensity and 
peak positions. In addition, XPS has been employed to analyze surface atomic 
concentrations. 
8.2 Experimental details 
The material used here is the same as described in chapter 7 and the ICP plasma 
reactor used in this study is a load-locked Alcatel etch system (MET Lab), which has 
been described in sections 2.1.3 and 6.2. 
The basic etching conditions have been described in section 7.2. For optical 
characterization, in fluorine plasma, de bias and gas composition have been varied. 
• This chapter is based on the draft of "ICP chlorine plasma etching of GaN and etch induced damage 
characterization" submitting to J. Appl. Phys. 
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In chlorine plasma, de bias has been varied. Then at de bias 300 V, gas composition 
has been varied. 
Analysis of the chemical composition of the dry etched surface is achieved 
with XPS (described in section 5.2) using unmonochromated Al and Mg Ka 
radiation for detecting Cl and N information respectively. This is necessary because 
the Ga auger line overlaps the N peak in case of Al radiation, while the Cl peak is 
overlapped when Mg radiation is used. Both of radiation sources detect Ga peaks for 
normalization. The Ga (3s) signal has been corrected for overlap with a parasitic Si 
line. Special sample preparation procedures carried out in order to avoid sample 
deterioration by the ambient have been described elsewhere [121]. 
Photoluminescence experimental details are the same as that described in 
section 5 .2. Variable temperature experiments have been performed between 20 K 
and250K. 
8.3 Optical characterization and discussions 
8.3 .1 ICP fluorine plasma effects on photoluminescence of GaN 
The photoluminescence spectra after ICP process with different de bias and different 
gas composition of fluorine plasma have been investigated. Figure 8.1 is the near 
band gap PL spectra of as grown GaN and GaN samples subjected to following 
etching conditions, gas composition of SF6: N2 = 1 : 1, total flow rate of 100 seem, 
substrate temperature of 25 °C, etching pressure of 10 f..tbar, ICP source power of 
1500 W, with de bias of 100 V, 200 V and 300 V. The strongest feature of the 
control sample is at energy around 3.445 eV. This energy is on the extended D0X line 
(see figure 5.4). The temperature dependence of these features has similar behavior. 
The Peak intensities decrease with temperature increasing and disappear at room 
temperature. From the discussion of excitonic energy in chapter 5, we attribute this 
peak as D0 X. 
Figure 8.1 shows D0X PL intensities of all the etched samples have about 
20% of that of the control sample. Obviously etching reduces D0X PL intensity. 
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Figure 8. 1 Photoluminescence spectra of GaN grown on SiC etched by SF6 + N2 
plasma with different de bias. Etching reduces the near band gap PL intensity in 
general. Higher ion energy etching does not create more optical damage. Etch 
conditions see text. 
This observation is similar with that of RIB etching process. Among the 
etched samples, 300 V de bias etched sample has the highest PL intensity and 100 V 
de bias etched sample has the lowest PL intensity. The changes of PL intensity will 
be discussed in later section 8.3.3. The peak of 100V bias spectra seems shifted to a 
low energy. However, the reason remains unknown. 
Figure 8.2 shows the spectra of as grown material and the GaN samples 
subjected to plasma exposure with the etching conditions of SF6, SF6 + N2 and N2, 
substrate temperature of 25 °C, total gas flow rate of 100 seem, de bias of 40 V, ICP 
source power of 1500 W. After etching, the PL intensity has been reduced compared 
with that of as grown sample. This is consistent with previous results. 
Among the etched samples, the mixture gas etched sample has the highest PL 
intensity, while the pure Nz and pure SF6 has much lower PL intensity. This indicates 
that a gas mixture of SF6 + Nz produces the least optical damage, possibly due to the 
least ion current density in the gas mixture and the least intense ion bombardment, 
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Figure 8. 2Photoluminescence spectra ofGaN grown on SiC etched by SF6 + N2 ICP 
plasma with different gas composition, Etching reduces the near band gap PL 
intensity. Mixture gas produces the least optical damage. Etch conditions see text. 
compared to pure SF6 and pure Nz plasma, as shown in table 8.1. This observation 
has the same trend as that obtained in RIB, see chapter 5. 
Table 8. 1 Ion current density vs. gas composition by Langmuir probe measurement 
in ICP fluorine based plasma. The other plasma parameters are ICP source power of 
500 W, etching pressure of 5 J.Lbar and total gas flow rate of 50 seem. 
Gas composition Ion current density (rnA/ cm5) 
SF6 0.336 
SF6 + Nz 0.322 
Nz 0.427 
8.3.2 ICP chlorine plasma effects on photoluminescence ofGaN 
Figure 8.3 shows PL spectra of as grown GaN and GaN samples exposed to chlorine 
plasma, i.e. 75% Ar + 25% Chand 100% Ch respectivelY. The peak at 360 nm is 
attributed to D0X as explained 8.3.1. After chlorine plasma etching, the D0X peak 
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position shifts to higher energy by about 10 meV, this is different from that we 
observed after fluorine ICP and RIE plasmas etching, where no obvious shift has 
been observed. 
Figure 8.4 shows the spectra of as grown GaN and GaN after argon plasma 
etching. The D0X peak does not shift, which is consistent with the RIE argon plasma 
result. Figure 8.5 displays the long wavelength PL spectra of the same samples 
shown in figure 8.3. It is observed that all the peaks and the blue band shift to higher 
energy by about 10 meV. 
The shifting of the D0X peak of GaN grown on SiC to higher energy after 
annealing has been reported previously [ 48]. However, to the best of my knowledge, 
the shifting of the peak to higher energy after plasma etching has not been reported 
before. Many papers highlight the relationship between internal strain and peak 
energy [161-162]. The excitonic energies measured are affected by residual strain in 
epilayers due to the mismatch of lattice parameters and the different thermal 
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Figure 8. 3 The near band gap PL spectra of control sample, the ones etched by ICP 
Ar+Ch and pure Ch plasmas respectively. The one etched by pure ICP Ch reduced 
the D0 X intensity. Chlorine based plasma etching causes the peaks shift to higher 
energy. 
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Figure 8. 4 PL spectra of as grown material GaN grown on SiC and the one etched 
by ICP Ar plasma. After Ar etching, D0X intensity is reduced, but the peak position 
keeps the same. The etch conditions see text. 
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after etching in chlorine based plasma. The intensity trends are the same as that of 
DOX. 
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expansiOn coefficients between GaN and sapphire and SiC substrate. As we 
explained in chapter 5, GaN grown on sapphire experiences a compressive strain 
upon cool-down from growth, which will increase the exciton energies [193]. GaN 
grown on SiC experiences tensile strain, which reduces the excitonic energy. Then, 
any treatments, which could release or partly release the strain, should shift the 
excitonic energies closer to zero strain energy manifested in a shift of the peaks to 
higher energy level in the case of GaN grown on SiC. 
As discussed in section 7.4.2, in the case of chlorine plasma etching, there is 
a strong preferential etch of dislocations. This may further release the strain of the 
GaN epilayer, resulting in the observed peak shifts. Since film stress, thermal 
induced mechanical relaxation processes, and diffusion in films are influenced by 
dislocations [194]. For fluorine based plasmas and Ar plasma, no preferential etch of 
dislocations has been observed, correspondingly no peak shift is observed. Figure 8.6 
is the schematic drawing of line dislocations present in lattices. It illustrates that if 
the dislocation is preferential etched, strain is further relaxed. 
It should be pointed out that no yellow luminescence has been observed in 
this series of GaN grown on SiC before and after ICP fluorine and chlorine plasma 
etching. In addition, figures 5.6 and 5.7 show no yellow luminescence in that series 
of GaN grown on SiC before and after RIE Ar and SF6 + N2 etching. This is in 
contrast to that observed in GaN on sapphire [50,51], where strong yellow 
luminescence in control sample and yellow luminescence evolvement after RIE Ar 
plasma etching have been observed. These results may suggest that yellow 
luminescence relates to substrate. 
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Figure 8. 6 Schematic drawing of line dislocations presented m lattice. The 
dislocations are labeled with T. 
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8.3.3 PL intensity discussions 
Dry etching initially creates a damage layer with the depth of a few nm. A small 
percentage of ions could be scattered into a channeling [150,195] direction. Once 
these ions scattered that direction, they can penetrate deeply into the substrate 
material up to 100 nm or more [196]. However, it can be only a small amount of 
these ions, less than 0.1% of initial ion flux, the result is measurable [150,196]. 
Radiation above the band gap has a synergetic effect. The electron and hole 
recombination in semiconductor transfers momentum and energy to defects in the 
material, resulting in enhanced motion of the defects [196]. This mechanism has 
been fully accepted [150,195,196]. 
Cao et al reported [75] an electrical damage layer with a thickness of 50-60 
nm at the top surface in GaN after ICP N2 and H2 plasmas etching using self de bias 
of221 volts. 
Hu et al reported [196] a deep damage layer, the depth of the damage layer 
larger than 1 00 nm from the top surface as a result from low energy ion 
bombardment about 300 volts in III-V semiconductors due to channeling and 
illumination enhanced diffusion. Their conclusion is that the conventional geometry 
used for low-energy ion processing of GaN may in fact be the most deleterious one 
[150]. 
From above literature review, it is convinced that a thin disordered layer, a 
few monolayers deep, is created at the surface of the material being etched. The 
effects caused by channeling and radiation enhanced diffusion, could be measured 
deeper to 10 magnitude of that initial layer. This explains the observed PL intensity 
changing with etch condition and different gas. 
According to Hovel [120], the PL intensity can be written as follows (chapter 
2), 
<I> = <1>(1- R) cos( B) L 
PL Jm(n + 1)2 "['radSr 2.11 
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where ~ is the incident photon flux density, R the reflectivity, e the emission angle, n 
the index of refraction, L the minority carrier diffusion length, 'trad the radivative 
lifetime, and Sr the surface recombination velocity, which is related to surface states 
density. In this case, the etching would primarily change the surface state density. 
The surface states are referring to dangling bonds on the top surface. The 
surface of as grown GaN is nitrogen deficient. Therefore, there are some extra 
dangling bonds, besides from non-perfect crystal structure. In the case of fluorine-
based plasma, some possible chemical reactions are assumed as following. 1) 
Fluorine atoms preferentially react with Ga atoms and reduce the dangling bonds, 2) 
The N atom from plasma may react with the N atom on the surface of GaN as 
explained in chapter 3. 
N+N=N2 t 
which creates more dangling bonds. 3) N incorporation from N-containing plasma 
reduces the dangling bond. 
Figures 8.1 and 8.2 show ICP fluorine plasma etching reduces PL intensity in 
general. A possible explanation is that dry etch induces defects (probably dangling 
bonds), and thus reduces the PL intensity [197]. Ions are the most possible to be 
implanted into GaN during fluorine plasma etching due to high ion energy and small 
diameter ions, such as N+, F+ etc. The implanted ions mainly stay in the interstitials, 
thus increases dangling bond and reduces the PL intensity. The depth of ion 
implantation also will be a few nm towards a few hundred nm, depends on ion 
energy. Ion current density increases slowly with DC bias when other plasma 
parameters are kept constant, as shown in figure 6.12b. Higher energy may implant 
ions deeper, however PL is not able to tell the difference in depth of defects 
distribution. Therefore, it should be reasonable to assume that there will be a similar 
amount of ions implanted into GaN the top 100 nm depth in different DC bias. In 
ICP, small ions such as N\ F+ dominate the SF6 + N2 plasma in such lower flow rate 
as 100 seem [183]. Therefore, ion implantation and defects propagation are main 
factors, which reduce PL intensity dramatically in fluorine based plasmas. 
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Among etched samples, 300 V de bias etching has the highest PL intensity 
compared to samples etched at 100 V and 200 V. The sample etched at 100 V has the 
lowest PL intensity. A possible explanation can be given as following. In lower de 
bias, N incorporation sounds less possible due to the lower ion energy, while at 
higher bias, ions have a larger energy and will more readily incorporated into GaN. 
With constant gas flow and composition and a constant ICP source power, it is 
reasonable to assume that the N, F radical concentrations and ion current density 
should be constant. This suggests that the chemical reactions in these plasmas should 
be the similar. This analysis is consistent with XPS result, table 7 .1. The sample 
etched at 300 V DC bias shows N/Ga = 0.15. This value is a 25% increase of the 
control sample (0.12) and about 30% larger than the N/Ga value of the sample etched 
at 100 V (0.11). This trend may suggest that a surface after etching at 300 V DC bias 
has less dangling bonds than a surface etched at 100 V, covered by N incorporation. 
Consequently, the PL intensity is higher at 300 V DC bias. 
However, the XPS results are from top few nm and PL spectra are related to 
about 100 nm depth ofGaN. It is reasonable to assume that the chemical reaction and 
incorporation are on the top nm surface and have rare bulk effect. Thus, these 
chemical reaction and incorporation are minor effects in changing PL intensity, 
compared to ion implantation and defects propagation. However, they do distinguish 
the PL intensity between the etched samples. This explains the figure 8 .1. 
Figure 8.2 shows that the mixture of SF 6 + N2 etched sample has the highest 
PL intensity, compared to the samples etched in SF6 and N2 • A possible explanation 
is given by the ion current density differences, listed in table 8.1 and defects 
implantation. Small ions such as F+ and N+ dominate the SF6 + N2 plasma and N+ 
dominates N2 plasma at such a low gas flow (100 seem) [183, 198]. These small ions 
could be implanted into GaN and even propagate deep into the bulk. The ion current 
density of the mixture of SF6 + Nz is about half ofN2 plasma. This indicates that less 
defects would be implanted into GaN after SF6 + N2 etching. This implies less 
dangling bonds after SF6 + Nz etching. Thus the PL intensity of the sample etched by 
SF6 + N2 plasma is stronger that of pure N2 plasma etched. One may argue that theN 
incorporation in N2 plasma could be more than that in SF6 + N2 plasma. 
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Pure SF6 plasma has similar amount of ion current density compared to SF6+ 
N2 plasma. The chemical reaction Ga + F ~ GaFx would be similar. The main 
difference is that SF6 + N2 plasma offers N to incorporate into GaN surface, while 
there is noN can be offered form pure SF6• The XPS surface composition analysis 
shows that N/Ga ratio after RIE SF6 + Nz is higher than that ofRIE SF6 plasma. It is 
reasonable to assume that in ICP, it would have similar N/Ga ratio trend. It implies 
that less dangling bonds in GaN after SF6 + Nz etching. Consequently, the sample 
etched in pure SF6 has lower PL intensity than the sample etched in the SF6 + N2• 
In the case of a chlorine plasma, the diameters of ions, such as Cl+, Ar +, are 
much larger than that of N+, F+ ions in fluorine plasma. Thus, ion implantation will 
be very less in chlorine plasmas compared to that in fluorine plasmas. Thus, ion 
implantation is a minor factor in chlorine plasma. However, chemical reaction, such 
as the Cl atom reacting with the Ga atom, reduces the dangling bonds. The Ga 
deficiency after chlorine based plasma etching has been evidenced by XPS analysis 
(table 7 .2). This reduces the amount of dangling bonds on the etched surface. In 
addition, dislocations are being etched in chlorine plasma and reduce the number of 
dangling bonds. (Like grain boundaries in semiconductors, dislocations have 
uncompensated dangling bonds.) These three mechanisms may possibly play a 
counter active role. As a result, the PL intensity is not as much decreased as in the 
case of the fluorine based plasma etched samples. 
In a pure chlorine plasma, the chemical reaction is not as strong as in a 
75%Ar + 25% Ch plasma due to a 50% lower ion current density in a pure chlorine 
plasma (see figure 6.llb). So compared to Ar + Ch plasma, less chemical reaction of 
Ga + Cl ~ GaCh is going on and less dislocations will be etched in pure Ch plasma. 
This means sample etched in pure chlorine plasma has more dangling bonds, 
compared to the sample etched in Ar + Cb. This explains the PL intensity of sample 
etched by 75%Ar + 25% Ch has higher intensity than that etched in pure Ch, as 
shown in figure 8.3. 
From channeling aspect consideration, F and N have much smaller ion 
masses compared that of Cl ion, so the diffusion length [195] is much larger for F 
and N, compared to Cl.. This also principally explains the SF6+N2 plasma decreases 
PL intensity drastically, while Ch+Ardoes not. 
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8.4 XPS surface analysis ofGaN grown on SiC 
XPS has been employed to help analysis of the chemical issues of the bound 
excitons. Figures 8.3 and 8.5 show that new peak at energy of 3.374 eV pops out 
after chlorine plasma etching. This peak is marked as AX. While as grown material 
and samples etched in fluorine plasma, show very low or no AX peak, as shown in 
figures 8.1 and 8.2. 
Table 7.2 shows a factor of two more in the N/Ga ratio on the GaN surface 
after a chlorine based plasma, compared to the surface of the control sample (0.14). 
This indicates a dramatical decrease of the Ga content on the etched surface. The 
material used here is n-type GaN, which is nitrogen deficient. During chlorine 
plasma etching, the Ga atom reacts with the Cl atom, and forms the GaCh. This is a 
very efficient reaction, because GaCh is volatile reaction product. XPS result 
indicates the formation of Ga vacancy is highly possible after chlorine based plasma 
etching. The combination of XPS result and PL observation may suggest that the Ga 
vacancy relate to AX. This analysis agrees with that of Orten et al's. Orton et al 
attributes gallium vacancies to acceptor [10]. 
Top surface N/Ga ratios after pure chlorine and 75% Ar + 25% Ch etching 
are similar. While the AX intensity of the sample etched in pure chlorine is higher 
than that of the one etched in 75% Ch + 25% Ar plasma. It might be due to intensity 
transfer as such a phenomenon has been observed from the blue to the yellow 
luminescence previously [50]. But it needs further investigation for clarifying. 
8.5 Comparison ICP with the RIE etch effect on optical properties 
Etching can affect optical PL spectra, by 1) changing the surface states to change PL 
intensity, 2) creating new defects state (atomic vacancy or activate the vacancy) to 
create new peak, and 3) releasing strain to shift the peaks. 
In chapter 5, RIB fluorine plasma effects on optical properties have been 
presented. There, etching dramatically reduces near band gap PL intensities to about 
half. The mixture of SF6 + N2 produced surfaces that have relatively higher PL 
intensity in the near band gap emission, compared to pure SF6, N2, and Ar plasmas. 
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Ion bombardment does not seem to play only role in creating optical damage. No 
new peak shows out at near band gap after fluorine based RIE plasma etching. 
The similar result has been obtained in ICP fluorine based plasma. Etching 
reduces the near band gap PL intensity. The DC bias dependence effects on PL 
spectra show high ion energy does not reduce the near band gap PL intensity more 
than that of low energies~ suggesting that physical aspect does not dominate etch 
induced damage effect on optical properties. This is consistent with RIE conclusion. 
The main difference in fluorine based and chlorine based ICP processing 
effects on optical properties is that ICP chlorine plasma etching does not reduce the 
total near band gap PL intensity~ but shifts the peak energy to a higher value. 
8.6 Limitation of PL characterization techniques 
To monitor etch induced damage on optical characteristics of GaN film grown on 
SiC~ PL has been used to probe optical properties. XPS has been used to analysis 
surface composition. 
PL probes about top 100 nm of GaN by using 300 nm wavelength laser in this 
study. Thus, PL is detecting the whole thickness of 100 nm region of etch induced 
damage layer, which affects PL spectra. However~ one will not be able to tell the 
difference of defects distribution in depth by PL spectra within 100 nm. PL indicates 
surface and bulk effects, because surface recombination velocity directly affects PL 
intensity. 
XPS only detects top nm information. So, the information form XPS only 
represent the surface effect, not bulk. When one correlates the surface composition 
result by XPS to PL, one needs to be careful of these limitations. 
8.7 Summary 
Ion bombardment does not seem to play an important role in creating optical 
damage. This result is consistent with RIE observation. 
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The new peak AX popping up, is possibly caused by formation of Ga 
vacancies. Shifting of peaks to higher energy values is due to strain relaxation. The 
strain is possibly released by preferential etching of the line dislocations. 
Yell ow luminescence of GaN may relate to substrate. 
The concept of dangling bond explains the near band gap PL intensity after 
different plasma treatments. 
75% Ar + 25% Ch is suitable for fabrication of optical device such as laser 
diode and light emitting diode. 
The limitation of PL characterization is ignoring the distribution of defects in 
depth. PL characterization reflects combination of surface and bulk in 100 nm depth, 
while XPS only detects top nm surface. 
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Chapter 9 
Quantum Wire (QWr) Device Fabrication and Depletion 
Region· 
9.1 Introduction 
The past tens of years have seen an explosion in both the amount and depth of work 
on electronic system with reduced dimension [199]. There are some novel effects 
such as quantum size effects, which offers new opportunities. As device dimensions 
shrink to nanometer-scale, on the fabrication technology, the key issues remain to 
keep things small, precise and anisotropic. This is critical when one works on sub -
100 nm gates, contacts, isolation trenches and shallow junctions. 
As mentioned, dry etching is used routinely in etching small dimension 
features and dry etch induced damage degrade material properties and device quality. 
However, the damage caused by etching on the top surface and on sidewall is 
different due to different etch mechanism. It is necessary to distinguish the 
difference between surface damage[200] and sidewall damage [201]. If one considers 
ions as balls hitting the surface, then one would expect a difference between the 
surface, which is constantly bombarded and the sidewall, which, once it is formed, is 
only bombarded by ricocheting or scattering atoms [ 60] illustrated in figure 9.1 
[202]. This suggests that the damage on top surface once has been established, 
should be independent of etch depth due to self limiting effect. In contrast, the 
electrical depletion at the sidewalls during plasma processing is cumulative. 
• This chapter is based on "Dry etch -induced damage in an inductively coupled plasma" J. Vac. Sci. 
Techno!. B Nov/ Dec. 2001 
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Figure 9. 1 The difference of etch induced damage on sidewall and top surface. Note 
the effect of scattering ion or ricocheting ion on sidewall damage. 
We have investigated the damage effects on top surfaces by evaluating diode 
properties in chapter 4 and chapter 7, and photoluminescence spectroscopy in chapter 
5 and chapter 7. Studying sidewall damage is another important issue in assessing the 
impact of plasma processing on the electrical and optical performance of the 
material. Gu et al [203] reported significantly low nonradiative sidewall 
recombination and an optically inactive layer due to process induced defects. 
Although, different material system has different degree of sensitivities. As reported, 
for open wires and dots (nanometer structures defined by etched surfaces), PL 
efficiency diminishes significantly in GaAs/ AlGaAs material system at lateral 
dimensions of the order of 1000 nm, and in InGaAs/InP wires [204] for wire widths 
below 100 nm. These effects have been attributed to nanoradiative sidewall 
recombination and an optically inactive layer. It is important to determine the limits 
of the minimal pattern size at which a device is useful. In this chapter, the 
quantitative study on sidewall damage regarding electrical depletion depth will be 
presented. 
The quantum wire device has been designed to measure the conductance as a 
function of wire width. By measuring the cut off conduction in the nano-size 
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channels, the sidewall damage of etched structures could be quantitative. For the first 
time, experimental results on sidewall depletion in GaN quantum wires are 
presented. 
The purpose of this chapter is to report a device fabrication process, some 
measurements on n - type wires at room temperature and to interpret these 
measurements in terms of etch damage. Because of lack of material supply, this part 
of experiments could not be completed. Some problems in fabrication process have 
been encountered and its corresponding solutions will be presented. 
9.2 Principle 
The requirement of this experiment is narrow wires of different widths formed in n -
type GaN epitaxial layer, which is grown on an insulated substrate. By cutting down 
to the wire width, zero conduction is expected when the width of wire is just equal to 
twice of depletion width. In practice, the cut off width is wider than the surface 
depletion region. The difference can be described as the depth of etch induced 
damage of the sidewalls. This is a very useful technique, and used to understand the 
nature of sidewall damage. 
The detailed principle of this technique is following. The epitaxial layer will 
be allowed to be processed up to the substrate. A series of samples of different wire 
widths (100 nm to 1000 nm) were generally defined by high resolution electron beam 
lithography. After metallization, the mesa level pattern has been transferred through 
to the substrate by mean of Inductively Coupled Plasma (ICP) etching. The 
conductance of wires such as these studied by Thoms et al [205] shows that, if the 
conductance G was plotted as a function of wire width w, then G would extrapolate 
to zero at a width We (some data of this type are shown in figure 9.4b. The We was 
found to be significantly greater than that expected on the basis of a straightforward 
1D depletion model, namely 28, where 8 is the depletion depth in the doped epilayer. 
The 8 can be expressed as following [206], 
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9.1 
E r is the permittivity, Vo the surface pinning potential, ND the ionized donor density 
and e the electronic charge. This conclusion has been confirmed by Thorns et al [203] 
by studying conventional chemically etched wires for which they found a cut off 
width close to 28. This indicates that, as expected, the damage is much less in wet 
etching fabrication technique. 
In the case of GaN, the depletion region consists of surface depletion width 
and etch induced damage layer. According to equation 9.1, one can calculate 
theoretical surface depletion region, 8 = 13 nrn, by giving Er =10, V0 = 0.8 eV, Nd = 1 
X 1017 
However, some assumptions have been made for this calculation. The Fermi 
level energy is pinned due to the presence of surface states before etching. The 
donors are 100% ionised, thus the depletion depth calculated in the theoretical case 
can only take Nd into account. It is assumed that etch-induced defects only change 
the width of the depletion region. The conduction band is pinned an energy of 0.8 e V 
[207]. The differences in dielectric constant between different materials are ignored. 
According to Long et al [206], the etch damage enhanced depletion layer 
thickness is equal to w c/2, is given by 
9.2 
where 'A is the trap region. This result is correct in the limit of the depletion layer 
being very much thicker than the trap region. They concluded that, if the etching 
conditions are broadly the same, one would expect the cut-off width measured in a 
transport experiment to scale directly with 8. 
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9.3 Device design and fabrication process 
9.3.1 Device design 
At first, the device patterns have been designed. The schematic drawing is shown in 
figure 9.2 for EBPGS. In the pattern design, it would be wise to make sufficient 
overlap in the joint parts of the pattern to open circuit. The device pattern consists of 
three layers. Layer one is the contact pads (100 !-!ill x 100 !-Lffi), their extends and 
markers (20 !-Lffi x 20 ~-Lm), layer two is the connection lines, and layer three is 
quantum wire itself. The connection lines between the quantum wire and extend of 
the contact pads are necessary to avoid extra noise of current from sudden change of 
conduction channel size. 
< 
1 
marker 
..---
quantum wire 
5 
3 
Figure 9. 2 Design of quantum wire device. 
6 
connection line 
2 
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D 
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9.3.2 Fabrication process 
The material we used here is 0.3 ~-tm n- type GaN grown on sapphire. The dopant 
concentration is 1 x 1017 (cm-3). The GaN films have been grown by metal-organic 
vapor-phase epitaxy (MOVPE). The quantum wire device fabrication process on 
insulated substrate is illustrated in figure 9.3. The detailed recipe sees appendix A. 
E-beam, develop, evaporation and lift off 
contact 
marker 
E-beam, develop, evaporation and lift off 
mask 
Pattern transfer and Cr etcher to etch the residue mask 
Qwr-device 
Figure 9. 3 Quantum wire device fabrication process. 
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The electron beam pattern generator 5 (EBPG5) in DIMES of TUD has been 
employed to define patterns. After metallization, the mesa level pattern has been 
transferred through to the substrate by mean of Inductively Coupled Plasma (ICP) 
etching, which has been illustrated in chapter 2. 
The current-voltage (I-V) characteristics of quantum wire devices have been 
measured at room temperature by a HP 4155 semiconductor parameter analyzer. The 
two current probes are on contacts 1 and 2, while the voltage has been measured 
through contacts 3 and 4, or contacts 5 and 6, or contacts 3 and 6, or contacts 4 and 5, 
as shown in figure 9.2. 
9.4 Results and Discussion 
9 .4.1 Experimental result of sidewall depletion region after fluorine 
plasma 
Wires have been etched in SF6: N2 = 1 : 1 at 250 V de bias and an etching pressure 
of 2.9 J..tBar, ICP source power 1500 W, temperature 25 °C and etching time 9 
minutes. Figure 9 .4a is a SEM micrograph of the quantum wire device. Figure 9 .4b 
shows preliminary quantum wire conductance vs. wire width data. The cut-off width 
of around 130nm suggests approximately 65nm sidewall depletion for the given SF6 
+ N2 plasma process. This result is comparable to that of GaAs [79]. Yuda et al 
reported [208] sidewall damage thickness of 60-90nm on InAlAs by reactive ion 
etching with a mixture of CH4 + H2. This result is comparable to our preliminary 
result in GaN materiaL More detailed quantum wire experiments were not possible 
due to lack of material. See section 9.4.2.4. 
Combining with the natural depletion by the surface states etc., the estimated 
etch induced depletion width is 52 nm. The thickness ofthe sidewall damage layer is 
etching time dependent due to accumulative characteristics for the specified etch 
condition. During the pattern transfer, over etching method has been used to make 
sure the mesa level transfer through to substrate. 
The thick damage layer also could be formed from the scattered ions, which 
hit the sidewall and cause the damage, redeposition of etch products from the etched 
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surface, smce GaFx is non-volatile etch product, ion implantation and chemical 
modification (reaction layer) . The ion bombardment, ion implantation and 
redeposition are cumulative, while chemical modification is self limited. Atomic 
scale sidewall roughness produced by rf etching is also possible. Although the exact 
cause and the nature of the damage is unclear at this stage, it is certainly a 
combination of the above effects that contribute to the presence of such a thickness 
of damage layer. 
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Figure 9. 4 a) The SEM image of a wire structure, b) Conductance vs. wire width of 
quantum wires fabricated in GaN with in SF6: N2 = 1 : 1 ICP process. The cut-off 
width of around 130nm suggests approximately 65 nm sidewall depletion for the 
given SF6 + N2 plasma process. 
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The preliminary result of quantum wire device characterization indicates a 
typical length scale of depletion region is around 65 nm in GaN we used for this 
study. This gives an indication of the depth of defects introduced is about 52 nm. 
However, defects may propagate deeper. 
9.4.2 Problems and solutions 
Quantum device work is the most interesting part of this thesis. I applied all my 
knowledge and skills learned previous into this part of the work. Some problems 
come out in device fabrication. Problems that could be solved have been solved and 
the others remain out of the control. 
9.4.2.1 Material quality problems and suggestions 
Figure 9.5a is a SEM image of the top surface of a device pad, which has a thin 
mask. The holes allocated on the devices degrade the device quality, such as easy 
break down. Some holes are exactly located on the quantum wire or connection line 
sees figure 9.5b, which made the device un-workable. There are two possible sources 
for the existence of these holes. The first possibility is that the holes are original from 
as grown material. Such holes in GaN thin films down to the substrate have been 
observed on as grown material. Figure 9.6a is a SEM image of as grown material. 
This is a material quality problem out of our control. 
The other possible reason is due to the fabrication process. Due to a rough 
GaN surface, the metal pattern after lift off is non-uniform, see figure 9.6b. The mask 
would be thicker on spikes than that of in valleys due to shadow effect during 
evaporation. Thinner mask could be etched through during pattern transfer, then 
etching continues on GaN film, and thus creates holes. 
There are two ways to solve these problems. The first way is to improve the 
material quality to avoid the holes and to smoothen the surface roughness. This is the 
best option, however, this is out of our control. Another way is to make the metal 
mask thicker to solve the second problem. A thicker mask can stop the etching 
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through to substrate material. This technique has been used, and improved the device 
fabrication process. 
a 
b 
Figure 9. 5 a) and b) show the holes on surface of GaN device. There are two sources 
of these holes. One is original from as grown material. The other possible reason is 
due to the fabrication process. 
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a 
b 
Figure 9. 6 a)Hole in as grown GaN material and b) rough metal pattern after lift off. 
9.4.2.2 Isolated markers (insulate substrate) and the solution 
Technically, from pure processing of device fabrication point of view, the markers 
should be defined first. Then the mesa level and pattern transfer down to the 
164 Chapter 9 Quantum Device Fabrication and Depletion Region 
substrate afterwards. Then define the contact pads on the top of the mesa. Fabrication 
process see figure 9. 7 
Define the markers byE-beam, followed by develop, evaporation 
and lift off 
marker 
SiC 
Mesa level pattern definition by e-beam, develop, evaporation, and lift off 
mask 
Subtractive pattern transfer and mask wet etching 
mesa 
Contact pads fabrication by e-beam, develop, evaporation and lift off 
quantum device 
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Figure 9. 7 Fabrication process used previously on semi-insulate substrate. 
This procedure is reliable on semi-insulate substrate, but it is not workable on 
insulate substrate (sapphire). Because after marker definition and mesa level 
transferring, the markers are totally isolated from surrounding GaN and become 
insulated islands. In the next step, contact pads fabrication, the EBPG5 could not 
recognize the markers due to electron charging of markers. One option is to use 
conduction thin film on the top. Theoretically, it is working, but it is not reliable in 
practice. Thus, we improved the procedure to the previous one, shown in figure 9.3, 
to solve the isolated marker problem. 
9.4.2.3 Etching problem and solution 
The third problem is illustrated on figure 9.8. After etching, the wires have been cut 
from connection lines nearly half by etching trench. Some of them even have been 
totally isolated. This is a normal etching problem in ion-induced etching. To be able 
to solve the problem, it is important to recognize the problem and its possibilities of 
the formation. 
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Figure 9. 8 Etching trenches are circled on each sides of quantum wire, which cut 
off the wire from the connection lines. 
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In a plasma, ions may come slightly non perpendicular, trench is formed 
when a sidewall collects these ions. Also when the slope of the sidewall is no longer 
vertical, some of ions will collide at a glancing angle with the slopping edges before 
they arrive at the etch surface. This gives a local increase in etch rate leading to 
trench [95]. The figure 9.9 is schematic drawing of the formation of the trench or 
ditching due to glancing incidence of ions. The tapered sidewall could be a result 
from redeposition (chapter 6) or faceting (chapter 3). Since trenching is a small 
effect, it often goes unnoticed unless thick layers are being etched as it is in this case. 
This problem has been solved by thickening the etch mask. See figure 9.3. 
The quantum wire mask is overlapping the connection line mask. In this case, then 
mesa level could be perfectly transferred through the GaN thin film up to substrate. 
Mask 
Trenching 
Figure 9. 9 A schematic drawing of the etch trench formation, due to a glancing 
incidence of ions. 
9.4.2.4 Not-sufficient material 
The last problem is that I did not have sufficient material to make a full parameter 
scan for quantum wire devices as a monitor for damage. We have the preliminary 
result in specified fluorine plasma. Then to verify the ion energy, etching time and 
temperature dependence will be essential for the recipe to be used in the industry. Ion 
energy directly affects the ion implantation, as well as enhancement in chemical 
reaction, while temperature affects the chemical reaction. 
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Also we already lmew that the chlorine plasma has faster etch rate with 
almost vertical profile, then it would be interesting to see the degree of sidewall 
damage and compare with F plasma. If all these experiments can be completed, a full 
picture of fluorine plasma and chlorine plasma etching GaN and its effects on 
electrical and optical properties will be displayed and will be ready for application in 
device fabrication. 
9.5 Summary 
Fabrication processes of quantum wire device on insulated substrates and semi-
insulated substrates have been successfully developed and optimized. 
During the process development, many problems have been encountered, 
such as material quality problem, special material demands, and etching problems. 
Some of the problems have been solved. 
The theoretical surface depletion has been calculated as 13 nm. 
Preliminary result shows that the overall cut-off width is around 130 nm. This 
suggests an additional sidewall depletion of approximately 52 nm (65 nm -13 nm) for 
the given SF6 + N2 plasma process in given GaN material. 
The thicker damage layer is possible from dry etching roughening of the 
sidewall on atomic scale level, scattered ions hitting the sidewall, redeposition, 
reaction layer and ion implantation. 
The preliminary result of quantum wire device characterization indicates a 
typical length scale of depletion region is around 65 nm in GaN we used for this 
study. This gives an indication of the depth of defects introduced is about 52 nm. 
However, defects may propagate deeper. 
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Chapter 10 
Conclusions and Suggestions 
10.1 Conclusion 
1 0 .1.1 N anofabrication and etch mechanism 
A procedure that allows the transfer of high-resolution nanometer-scale patterns into 
GaN by e-beam lithography and reactive ion etching (RIE) has been developed. The 
developed procedure has been successfully implemented in fabricating nanowire and 
dots in Si/SixNy super lattice material. 
The e-beam dose, for the EBL system at Canterbury University, has been 
optimised around 2000 ~-tC/cm2 to 2500 ~-tC/cm2 for 100 nm to 200 nm wires and dots 
definition for the given double layer PMMA. 
The influence of the composition of etch gas mixture on etch rate, profile and 
microscopic surface roughness has been investigated. The addition ofN2 in SF6 + N2 
gas mixture increases the etch rate, leads to more vertical sidewalls and decreases the 
microscopic surface roughness in the transfer of nanometre-scale GaN lines and dots 
in RIE etching. The fastest etch rate in our RIE etching obtained is 13.3 nm/min 
under the condition of power density 0.45 W/cm2, etching pressure 15 mTorr, 
substrate temperature 50 °C, total gas flow rate 40 seem and gas composition SF6 : 
N2= 3: 1. 
ICP etching of GaN in a SF6 + N2 plasma is found to be dominated by an ion-
induced mechanism. The most efficient etch regime is observed for ICP source 
power around 1000 W. The fastest etch rate in fluorine plasmas has been achieved is 
67 nm/min, which is a factor of 5 increase, compared to RIE etching (13.3 nm/min). 
The etch condition are gas composition of SF6 : N2 = 1 : 1, etching pressure of 2.5 
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J..lbar, substrate temperature of 25 °C, ICP source power of 1500 W and de bias of 
300 V. The addition of N2 increases the etch rate without influencing the etch 
profiles. 
Comparison of RIE and ICP fluorine plasmas suggests the etching 
mechanisms are ion induced, while ICP shows a chemical enhancement. 
In chlorine plasma, ion induced etch mechanism in etching GaN has been 
obtained. The fastest etch rate of 314 nm/min and a vertical profile has been achieved 
in chlorine based ICP etching of GaN with gas composition of 25% Clz + 75% Ar, 
total gas flow rate of 100 seem, etching pressure of 10 ).!bar, substrate temperature of 
25 °C, ICP source power of 500 Wand de bias of 450 V. 
Comparison of GaN etch performance in chlorine plasma with fluorine 
plasma suggests that both of them have ion-induced etching, while chlorine plasma 
has more chemical enhancement due to volatile reaction product GaCh, compared 
with that of fluorine plasma GaFx. 
1 0 .1.2 Electrical aspect 
Al + Au ohmic contacts on GaN were successfully fabricated without using an 
annealing step, due to Al tending to replace Ga and form a mixture layer. 
The GaN surface has been found to be smoothened microscopically after an 
argon bombardment. The specific contact resistance of ohmic contacts fabricated on 
GaN after argon plasma bombardment for two and a half minutes at 0.03 W/cm2 are 
measured and resulted in a decrease by a factor of 6 compared to the unetched 
surface. 
Our results show that gold is the best metal for GaN Schottky contacts in the 
series of given wafers amongst NiCr, Ti and Pd. 
Diodes characterization of pre-etched GaN in RIE shows that 60% N2 + 40% 
SF6 is suitable for low damage dry etch alternative forGaN transistor gate recessing 
due to N incorporation and smoothening etched surfaces. However, this process is 
subject to carrier mobility investigation. 
High ion energy in SF6 + Nz ICP processing, improves the electrical diode 
properties. Almost ideal diode characteristics are obtained at a de bias of 300 V. The 
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XPS and AFM results indicate the diode improvement is a combination of chemical 
healing, smoothening of a relatively rough surface, removal of surface contamination 
and incorporation of N in the GaN surface. In contrast, Clz + Ar ICP processing 
deteriorates the electrical diode properties due to chemical pollution and/or high ion 
energy dissipation on etched surface. 
Chemical aspect of etching induced damage determines the electrical 
deterioration of diode properties. 
That annealing as grown material in nitrogen atmosphere at 1000 K for 1 
hour, results in excellent diode characteristics, suggests that material should be 
annealed before using it for device fabrication. 
SF6 + N2 ICP plasma could be an alternative for electronic device fabrication 
with reasonable etch rate, smooth surface and good vertical nature of profile. 
However, it should subject to an investigation of carrier mobility. 
1 0 .1. 3 Optical aspect 
We have used photoluminescence and photoconductivity to study epilayers of GaN 
on SiC substrates that have been etched with RIB plasma of Ar, N2, SF6 and mixed 
SF6+N2 gases. The photoluminescence spectra are dominated by the neutral-donor-
bound D0X emission, while the photoconductivity bands are determined to be 
intrinsic free-exciton features. The PC signal recorded from the SF6 + N2 etched 
samples, is similar to that recorded from the control sample, while the PC signal 
recorded from N2 etched sample is very weak. No PC signal has been detected from 
the sample etched by SF 6. 
ICP and RIB fluorine plasma etching reduces PL intensity dramatically. 
Among the etched samples, SF6 + N2 plasmas are found to cause the least optical 
damage compared to pure SF6 and N2 plasmas. Chlorine plasma etching does not 
reduce the near band gap PL intensity as fluorine plasma does. The concept of 
dangling bonds can explain the near band gap PL intensity changes after different 
plasma etching. 
Ion bombardment does not play an important role in creating optical damage 
inGaN. 
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There are no saturation effect observed with various incident laser powers on 
both control and etched samples. 
The blue band emission has been investigated. These peaks (3.28 eV, 3.17 
eV, and 3.08 eV) are more likely separate defects related. No yellow luminescence 
has been observed on GaN grown on SiC used for this study. This may suggest 
yellow luminescence relates to substrate. 
A new near-band-gap peak AX, which shows up after Cl etching, is possibly 
caused by created Ga vacancies. The shifting of all the peaks to higher energy after 
chlorine plasma etching is possibly due to strain relaxation. Strain can be relaxed by 
etching away some strain source, such as dislocations. 
Annealing of GaN in N2 atmosphere reduces the emission intensity of the 
acceptor and donor-bound defect states while etching inhibits the near band-gap 
luminescence in general. 
75% Clz +25% Ar could be used for optical device fabrication, such as laser 
diode and light emitting diode, with faster etch rate and good vertical nature profile. 
10.1.4 Nitrogen role 
Nitrogen incorporation on the GaN surfaces exposed to N-containing plasmas has 
been evidenced by XPS analysis. ICP processing of nitrogen containing plasma 
causes more N implanted on GaN surface than that of RIB. Chemical healing in SF6 
+ N2 plasma is due to N incorporation and changing the surface to a better 
stoichiometry and optically clean surface. Chlorine implantation and surface 
coverage may cause chemical pollution. 
Nitrogen adding to SF6 improves the etch rate, atomic scale surface 
roughness, and electrical and optical properties. This could be caused by a number of 
mechanisms. With addition of nitrogen, the presence of N2 and its associated species 
may 1) remove the GaF x efficiently by physical bombardment, 2) react with GaF x to 
form volatile NFx, 3) react with nitrogen atom from GaN to form N2 molecule, and 
4) incorporate N into the nitrogen deficiency surface. 
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10.1.5 Sidewall damage aspect 
Successfully designed quantum wire device and developed processes to fabricate the 
q-wire device on insulated substrate and on semi-insulated substrate. The preliminary 
result of quantum wire device characterization shows that the depletion region is 
about 65 nm with ICP etching condition of 250 V, SF6 : N2 = 1 : 1 at 3 !J.bar, 25 
degree for 9 minutes for specified material. 
Theoretical calculation of depletion depth is 13 nm without etching damage 
based on the given assumption. The thicker damage layer may be caused by etch 
roughening of the sidewall at atomic scale, scattered ions hitting the sidewall, 
reposition of etch product, ion implantation and chemical surface modification. 
The preliminary result of quantum wire device characterization indicates a 
typical length scale of depletion region is around 65 nm in GaN we used for this 
study. This gives an indication of the depth of defects introduced is about 52 nm. 
However, defects may propagate deeper. 
1 0.1.6 Defects nature and characterization techniques 
Defects shrink depletion region and cause tunnelling occur to decrease the contact resist 
and barrier height in electrical properties, while, increase dangling bonds to decrease PL 
intensity and partially change the strain to broaden the PL peaks in optical properties. A 
schematic drawing is shown in figure 10.1. Surface roughness has been smoothened 
after etching. 
Defects may respond only to techniques that are able to probe them, and 
therefore, defects probed by PL and diodes may posses a different nature. 
Diode characterization reflects the whole thickness of GaN film in our study; PL 
detects the information on top 100 nm, while XPS probes top sub-nm. 
Evaluating all etch behaviour results, diode and PL characterization, and surface 
analysis, we make a summary: a mixture of SF6 + N2 should be an alternative for 
fabrication of GaN electronic devices, subject to mobility investigation; a mixture of Ar 
+ Cb is suitable for fabrication of GaN optical devices. 
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Figure 10 1 A schematic drawing of defects affecting electrical and optical properties. Defects cause 
PL peaks broaden and reduce PL intensity in optical properties and shrink depletion region and cause 
tunneling occur and decrease contact resistance and diode barrier height. The surface has been 
smoothened after etching. 
10.2 Further investigation 
Based on the present results, the SF6 + N2 gas composition does not degrade diodes 
electrical properties, while it increases etch rate and shows good anisotropic profile. 
Further investigation in effect on carrier mobility will be essential before it can be 
used for industrial application. 
The sidewall damage study has not been completed due to not sufficient 
material. The suggestions for further investigation in this aspect have been described 
in 9.4.2.4. 
From the damage mechanism aspect consideration, the depth of etch damage 
is very important for understanding the mechanism of etch-induced damage. The 
depth of etch-induced defects initially by dry etching could be very shallow [209], 
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directly from chemical reaction and ion implantation. The depth of ion implantation 
would be expected to be limited to the top nm, because the maximum of ion energy 
in plasma etching is around couples of hundreds eV. However, the defects could be 
propagated deeper by plasma radiation enhanced diffusion and channelling [195-
196]. It would be useful to investigate the damage depth and contribution of the 
different proposed effects for understanding the mechanism and the device 
performance. 
A damage layer induced by dry etch can be removed by wet etching. The 
depth of etch-induced damage could be estimated by comparing of restoring the 
electrical and optical properties of etched samples before and after removal of etch 
damage. 
Dry etch effects on optical properties is one part of the thesis. The Hovel's 
equation has been simplified. Dangling bond concept has been used to explain the PL 
intensity before and after etching. In the fact, the damage layer could have more 
complicated effects, such as absorption of the damage layer, mid-gap states 
recombination, etc. The importance of these effects should be investigated further if 
possible. 
The density of dangling bonds can be verified by electron spin resonance. It 
would be direct evidence of the accuracy of using bonding band concept. 
The etching effects on D0X intensity were the main content in optical aspect 
of the thesis. However, etching also affects the peak shape and position, and yellow 
and blue bands. It would be necessary to investigate these areas systematically for 
better understanding of etch induced damage effect on optical properties. 
Jf In the aspect of the etch effects on electrical properties, the barrier height and 
ideality factor extracted from I - V characteristics have been used as a monitor. 
Basically, two methods are used for measure the barrier height, current-voltage (I-V) 
and capacitor-voltage (C-V). In comparing the etch effects on different plasmas to 
their control samples, I - V method gives a good indication in relative changes of 
barrier height and ideality factor, compared to their control samples. However, the 
barrier height calculated by I-V characteristics is normally lower than the actual 
barrier height. The barrier height extracted from C-V measurement may give better 
accuracy of barrier height. In addition, not many C-V measurements have been 
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reported on GaN after etching until today. Thus, it will be of interesting to do further 
investigation on C-V characteristics of GaN. 
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Procedure for Pattern Generating in EBPG5 
Step 1 pattern design: ASCII input formats: LDM or TEXTLIB. Then converting 
pattern data to machine formats: CATS package or CAPROX package. 
Step 2 mounting e-beam resist coated samples on a stage. Different size samples 
(wafers) require different stages. J14 holder, which is designed for the small sample, 
has been employed in our project. 
Step 3 orientating holder and height measurement under alignment microscope. 
Record the orientation of the sample center for beam writing. To align a pattern with 
respect to a previous layer, markers are required to measure the translation, rotation 
and keystone deformation of the wafer. The maximum correction of rotation is 0.2 °. 
The laser height sensor is calibrated against focus (height table). A reference height 
plate is used with markers at various heights. At zero reference the height 
measurement is tilt insensitive. This can be achieved by imaging the surface exactly 
onto the double diode. The maximum height correction, which can be applied, is+/-
100 ~m. 
Step 4 loading the holder with samples to chamber and start writing. Detail of 
computer process to operate the beam writing sees reference [111]. 
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Recipe for Quantum Wire Device Fabrication 
1) Clean samples in Aceton, Methanol and IP A, and baked in oven of 95 °C for an 
half hour. 
2) Spin the double layers ofPMMA, 2.5% high molecule weight (950 K dissolved in 
xylene) and 7% low molecule weight (180 K dissolved in chlorobenzene) are spun 
on the substrate. The spinning speed is 3000 rpm. 
3) Bake the samples at 195 °C for 30 minutes. 
4) Defme the contact pads, its extends, and markers by EBL. 
5) Remove exposed resist by a standard develop process. 
6) Inspect the sample using optical microscopy to check whether the writing and 
development is good enough. 
7) Apply oxygen plasma to remove the residues. The plasma condition is flow rate of 
20 seem, etching pressure of 10 ubar, de bias of 180 V, rf power of 30 W (power 
density 0.11 W/ cm2) and etching time of20 seconds. 
8) Evaporate 40nm AI and 60nm Au. 
9) Standard lift off process has been applied to make the AI/ Au ohmic contacts and 
markers. It is important that marker patterns are perfect and without metal 
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contamination close by. Otherwise, the EBPG5 will not be able to recognize the 
markers or mix the unwanted metal with markers. 
10) Spin another double layer ofPMMA. The same as step 2. 
11) Define the mesa level pattern by BBL. It is worth noting that marker alignment 
procedure has been used here. This is a critical step for the successful fabrication. 
11) Standard develop 
12) Evaporate mask metal ( 120 nm Cr or NiCr) 
13) Standard lift off processes 
14) Transfer the pattern. It is crucial that the patterns are completely transferred up to 
the sapphire substrate. Otherwise, the residual GaN material will act as a current 
conducting channel. To make sure the mesa level etching is complete, one could 
check the devices cross talking by measuring the two pads on two neighbourhood 
devices and see whether they are conducting. 
15) Wet etch the residual mask by standard solution, chromium etch. 
Formula for ion yield 
GaN molecular number (in 1 cm2) 
=Etch rate x Weight density x Avogradro,s number/ molecular weight 
=RoaN X 6.1 X 6.022 X 1023 /83.73 
Ion number ( in 1 c~) 
=ion density /q 
=I/1.6022 xto-19 
Ion yield 
= GaN molecular number in a unit areal ion number in a unit area 
=7.03 x106 RGaN 
I 
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